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ABSTRACT
A method for the generation o f su lfu r ic  acid aeroso l has been 
devised . When a d i lu te  so lu t io n  o f su lfu r ic  acid or a so lu t io n  
containing su lfu r  i s  combusted under cer ta in  c o n d it io n s ,  su lfu r  is  
q u a n tita t iv e ly  oxidized to  su lfur tr io x id e ,  which combines with 
moisture to form su lfu r ic  acid a ero so ls .  The generator co n s is ted  of 
an atomizer-burner mounted at the base o f a minature g lass  stack  
using oxygen and hydrogen. A d iu l te  so lu t io n  of su lfu r ic  acid was 
aspirated in to  the flame, where i t  decomposed to water and su lfu r  
tr io x id e  and p ossib ly  the elemental s ta t e s .  Recombination occurred 
to y ie ld  su lfu r ic  acid aeroso l.  The a e r o s o ls ,  moving up the stack  
at a steady and con tro lled  r a te ,  were c o l le c te d  on a su ita b le  f i l t e r  
medium. Standard su lfu r ic  acid aeroso l samples can be made using  
th is  method for eva luating  new a n a ly t ic a l  methods and a lso  for in te r ­
laboratory comparisons.
Su lfu ric  acid and/or i t s  s a l t s  were determined a f te r  c o l l e c t io n  
on perimidylammonium bromide impregnated f i l t e r s .  The droplets  of  
acid reacted topochemically with the so l id  reagent to form the p e r i ­
midylammonium su lfa te  which was pyrolyzed to produce s to ich iom etr ic  
amounts o f su lfur d iox id e . The su lfu r  dioxide was read ily  determined 
as a measure of the acid aeroso l.  The c r i t i c a l  feature was the s ta b i ­
l i z a t io n  of the su lfu r ic  acid at the moment of c o l le c t io n  whereby 
i t s  reaction  with c o -e x is t in g  p o llu tan ts  such as Fe^Og, AI2O3 and 
PbO was in h ib ited .  This reaction  with c o -p o llu ta n ts  during sampling 
has been an inherent source of error in a l l  previous methods for
v i i i
determining ambient acid aeroso l concentration. Total s u l fa te  le v e ls  
were determined by a r e la t iv e ly  easy m odification  o f  the procedure.
The d etec tio n  lim it  for su lfu r ic  acid or i t s  so lub le  s a l t s  was 
0 .3  M,g as SO4 and the working range was 1 to  50 ug. The method was 






Undoubtedly, the f i r s t  p o l lu t io n  episode i s  lo s t  in unrecorded 
h is to r y .  I t  was p oss ib ly  caused by the burning of wood in  a poorly 
v e n t ila te d  cave or the eruption of a volcano. Who r e a l ly  knows? 
S u lfu r ic  acid aeroso l p o llu t io n  dates back to  man's burning of fu e ls  
other than wood. Although s u lfu r ic  acid aeroso l has been neglected  
by researchers in the past y e a r s ,  i t  i s  of growing concern today.
I t  i s  emitted in to  the atmosphere d ir e c t ly  and can be formed in d ir e c t ­
ly .  I t s  to x ic  and corrosive  c h a r a c te r is t ic s  make i t  one of the most 
s ig n i f ic a n t  p o llu ta n ts  known to  man. The increased use of high con­
ten t  su lfu r  bearing fu e ls  and the use of c a t a ly t ic  converters can 
only r e s u lt  in  higher su lfu r ic  acid aeroso l concentrations in the 
ambient a ir .  This n e c e s s i ta te s  the development of simple and r e l ia b le  
methods for the generation of standard su lfu r ic  acid aerosol samples 
and the development of methods for the analyses of aerosol samples. 
This D is se r ta t io n  d iscu sses  and compares severa l methods for the gen­
era tion  and determination o f  su lfu r ic  acid aeroso l.
2
CHAPTER I 
SULFURIC ACID AEROSOL, A POLLUTANT
A. Sources o f  S u lfu r ic  Acid Aerosol
The p r in c ip le  sources o f  su lfu r ic  acid aerosol in  the ambient 
atmosphere are the combustion o f  fu e ls  containing su lfu r ,  ferrous 
and non-ferrous m eta llu rg ica l  processes and the re f in in g  o f p etro­
leum1. S ig n if ic a n t  amounts o f  su lfu r ic  acid are produced in  the 
ambient atmosphere i t s e l f  by ox idation  o f  su lfur  dioxide to  
su lfu r  tr io x id e  and subsequent combination o f  the la t t e r  with  
water? . This process i s  o f ten  catalyzed by the presence of  
airborne metal p a r t ic u la te s .3
With the advent o f  the energy c r i s i s ,  the use o f  fu e ls  
containing a higher su lfu r  content was imminent. Consequently, 
the emission o f  su lfu r  dioxide in to  the atmosphere has increased.
Since the u ltim ate  fa te  o f  su lfu r  dioxide i s  su lfu r ic  acid , i t  i s  
sa fe  to  say that the ambient concentration o f  su lfu r ic  acid has 
increased . I t  has been reported that su lfu r ic  acid i s  more to x ic  
than su lfur  d iox ide  and, because o f  i t s  decreased m obility  as a m ist,  
i t  can cause lo c a l iz e d  stagnation  much more e a s i ly  than sulfur  
d io x id e . 4
The phenomenon o ften  referred to as "acid rain" i s  an important 
aspect o f  su lfu r ic  acid p o l lu t io n  in d ic a t iv e  of increased  
aeroso l le v e ls  in  recent years . S u lfuric  acid aerosol i s  e a s i ly  
scavenged by ra in  or snow which thus become a c id ic .  Acidity values as
u
low as pH 2.1  have been recorded in  some o f  the rains over the 
northeastern United States  and in  some parts o f  Europe.5 With 
the increased use o f  su lfur bearing fu e ls ,  the a c id ity  of 
rain  and snow should increase. The e c o lo g ic , m eterologic, and 
socio-economic impacts o f  ac id ic  r a in fa l l  i s  unknown and warrants 
in v est ig a t io n .
The Environmental Protection  Agency has required that  
beginning with the 1975 model year, automobiles be equipped with  
c a ta ly t ic  converters or otherwise modified so as to  meet spec if ied  
standards. A car equipped with a c a ta ly t ic  converter emits 35 times 
more su lfu r ic  acid than a car without the c a ta ly s t6 . Recently,  
Environmental Protection  Agency Administrator, RusBell E. Train, 
recommended freezing the current 1975 nationwide standards for 
automobile emissions o f hydrocarbons and carbon monoxide through 
the 1979 model year. This w i l l  g ive  researchers more time to  
study the su lfu r ic  acid problem. Administrator Train recognizes  
the su lfu r ic  acid problem and b e lie v e s  that the c a ta ly t ic  con­
verter may be causing more health  problems than i t  i s  so lv ing .
Thus, with over 5 m il l io n  c a t a ly t ic a l ly  equipped cars in the 
United States today, the su lfu r ic  acid aerosol p o llu tion  on 
highways could become a deadly problem.
The e lu s iv e  p o llu ta n t ,  su lfu r ic  acid aerosol, i s  o f  growing 
concern. The energy c r i s i s  and use o f  c a ta ly t ic  converters  
have caused an increase  in  aerosol p o llu t io n .  Immediate measures 
must be taken to  study a l l  o f  the various aspects o f the 
su lfu r ic  acid problem.
B* Toxicology o f  Su lfuric  Acid Aerosol
Su lfuric  acid aeroso l has proven to  be one o f  the most to x ic  
su lfa te  a er o so ls .4 The t o x ic i t y  o f  s u lfu r ic  acid aerosol to man 
varies  apparently depending on the p h ysica l condition o f  the in ­
d iv idua l, exposure time, concentration and p a r t ic le  s iz e .  Short 
or long-term exposures can cause development o f  acute and/or chronic 
respiratory d is e a s e s .7
Since long-term exposure o f  humans to  su lfu r ic  acid aerosol  
cannot be e th ic a l ly  performed, a l l  research in  th is  area i s  based 
on in d u str ia l  and ep isod ic  exposures. Dorsch 6 found that workers 
in  the battery room o f  a telephone exchange rarely  detected s u l ­
furic  acid aerosol when the concentration was below 0 .5  mg/m3 .
S lig h t  nose and throat i r r i t a t i o v  was noticed at a concentration of  
2 .0  mg/m3 . D is t in c t  discomfort appeared a t a concentration o f  
5 to  t  tng/m3 and marked discomfort at 6 .8  mg/m3 . Bushteva9 has 
reported that subjects  exposed to  a su lfu r ic  acid aerosol concen­
tra tio n  o f  1 .1  to 2 .4  mg/m3 developed i r r i t a t io n  at the base o f  the 
esophagus and some i r r i t a t io n  o f  the eye mucosa. When the aerosol  
concentration was increased to  2 .4  to 6 .0  mg/m3 a l l  o f  the 
above symptoms were noticed along with a pronounced r e f le x  cough. 
Amdur40’ 11 found that t e s t  animals exhib ited  narrowed a ir  passages,  
mucosal sw elling or increased secretion  when exposed to su lfu r ic  
acid aeroso l.  Thus, i t  seems reasonable that people with respiratory  
problems would find su lfu r ic  acid aerosol more hazardous to their  
health than do healthy ind iv iduals .
6
Sulfuric  acid aerosol has been indicted as being partly respon­
s ib le  for the smog d isa sters  of the Meuse Valley, Belgium12; Donora, 
Pennsylvania13 and London, England14 which resu lted  in thousands of  
deaths. Sulfur dioxide was indicted as the primary cause o f f a t a l i ­
t i e s  at the times of the episodes but recent stud ies  indicate d i f f e r ­
en t ly .  During the Meuse Valley episode of 193^> the sulfur dioxide  
concentration was as high as 8 ppm which i s  ordinarily  not considered 
a le th a l  concentration. Since 63 people died within a 5 day period 
some other tox ic  pollutant must have been responsible for the deaths. 
As mentioned previously , su lfu r ic  acid aerosol due to  i t s  immobility 
can e a s i ly  become a concentrated p o llu tan t. I t  was probably respon­
s ib le  for most of the deaths which occurred during the episode.
The London episode of December 5 through December 9> 1952, claim­
ed 3 >500 to 1+,000 excess m o r ta l i t ie s .  Again, the sulfur dioxide lev e l  
was below that ord inarily  considered to be a le th a l  concentration, 
but the p articu la te  le v e l  was lt,500 ug/m3 . Metal p art icu la tes  present 
can catalyze the oxidation of sulfur dioxide to sulfur tr iox id e  which 
readily  combines with water to form su lfu r ic  acid a e r o so l .3 It has 
also  been reported that the presence of smoke with su lfu r ic  acid 
aerosol increased the m ortality rate of te s t  an im als .13 Since a l l  
human f a t a l i t i e s  had respiratory tract ir r i t a t io n ,  a ch a ra cter is t ic  
of su lfu r ic  acid aerosol exposure, su lfu r ic  acid aerosol i s  indicted  
as the major cause of deaths.
The Donora, Pennsylvania episode of I9J48 k i l l e d  17 persons and 
affected  thousands. Although the fog lasted  for several days, a l l  
of the f a t a l i t i e s  and respiratory problems occurred in the f i r s t
7
5 days of the episode. This possib ly  ind icates that a change occurred 
in the concentration and/or p a r t ic le  s iz e  of the aerosol.
Amdur has reported that the to x ic i ty  of su lfu r ic  acid aerosol 
to animals i s  highly dependent upon concentration and p a r t ic le  s i z e . 10 
Larger p a r t ic le s  caused a greater increase in pulmonary flow r e s i s ­
tance at high concentrations whereas at lower concentrations the 
smaller p a r t ic le s  gave the greater response. Although the larger  
p a r t ic le s  gave a greater response r e la t iv e  to flow r e s is ta n ce ,  the 
smaller p a r t ic le s  gave an increase in  to ta l  work in breathing because 
of a decrease in the e l a s t i c i t y  of the lungs. Amdur and Corn17 have 
obtained sim ilar resu lts  using zinc ammonium s u l fa te .  They concluded 
that the greater i r r i ta n t  potency o f  the smaller p a r t ic le s  was due 
to an increased number o f pinpoint s tim u li produced by a greater  
number o f p a r t ic le s ,  by the d if fe r in g  depth of penetration into the 
lungs or a combination o f both fa c to rs .
It should be noted that the respirable a e r o so ls ,  O . I m - t i i  to 2 u , m ,  
penetrate deep into the lungs and are more of an ir r ita n t  than larger  
aerosols that are trapped in the upper respiratory tract and are 
eventually  expelled . It: has been determined that 80 to 90 percent of 
the su lfa te  aerosols in the atmosphere are within the respirable  
range. 16
It i s  in ter est in g  to note that r e la t iv e  to increase in flow 
res istan ce  zinc ammonium su lfa te  can be more of an ir r ita n t  than su l­
fu r ic  acid aero so l4 . Amdur and Corn17 found that zinc su lfa te  ex­
h ib ited  about h a l f  the ir r i ta n t  potency of zinc ammonium su lfa te  
while ammonium su lfa te  exhib ited  only one-third to one-fourth the
8
i r r i ta n t  potency of zinc ammonium s u l fa te .  The ir r i ta n t  potency 
of  zinc ammonium su lfa te  and zinc su lfa te  i s  probably due to the 
protons released in hydro lysis .  Thus, the t o x ic i t y  o f su lfa te  aero­
s o ls  e sp e c ia l ly  su lfu r ic  acid aerosol need further in v est ig a tio n  so 
that proper treatment and sa fe ty  regulations can be developed.
C. Su lfuric  Acid Aerosol - E ffects  on M ateria ls10
Besides being a tox ic  p o llu ta n t ,  su lfu r ic  acid aerosol i s  a lso  
a s ig n if ic a n t  pollu tant due to i t s  corrosive  nature. Economic lo sses  
re su lt in g  from corrosion in  New York City were estimated to be 6 m il­
l io n  d o llars  per year in  1955- A s ig n if ic a n t  amount of the corrosion  
was probably due to  su lfu r ic  acid . The deposition  o f the aerosol on 
the surface o f b u ild in gs , machinery and automobiles r e su lts  in a de­
ter io ra t io n  due to d irec t  chemical a ttack . Attack takes place on 
m etals , build ing m ater ia ls ,  paper and t e x t i l e s .
Although most o f  the research on the e f f e c t s  of su lfur bearing 
pollu tan ts  has been done on su lfur d iox id e , i t  i s  evident that s u l­
fu r ic  acid is  probably responsible for most o f  the corrosion. For 
example, aluminum exposed to su lfur dioxide y ie ld s  a white powdery 
deposit of Al£>(S04)3 ' 18H^0 on i t s  surface. This i s  the product ex­
pected from the reaction of su lfu r ic  acid and aluminum. Nickel i s  
sim ilar  to aluminum in that n ickel su lfa te  i s  formed. Paint and var­
nish  surfaces form a c r y s ta l l in e  bloom of ammonium s u lfa te  when the 
surface i s  exposed to su lfu r  dioxide and ammonia in the presence of 
water. Again, th is  ind icates  the presence of su lfu r ic  acid aeroso l,  
the product of the oxidation of su lfur dioxide combined with water. 
Building m aterials such as marble and lim estone, are readily attacked
9
by su lfu r ic  acid aerosol to y ie ld  calcium s u lfa te  and gypsum. Both 
su lfa te s  are so luble in water and erode e a s i ly .
Paper and some t e x t i l e s  are ser io u s ly  damaged by the attack of 
su lfu r ic  acid aeroso l.  They become weakened due to depolymerization.
Thus, su lfu r ic  acid aerosol is  d e f in i t e ly  a pollutant of in terest  
because of i t s  toxic  nature and i t s  degradation of m ateria ls .
CHAPTER I I
PREVIOUS ATTEMPTS AT MEASURING SULFURIC ACID AEROSOL
The determination of su lfu r ic  acid aerosol based on an 
in s itu  measurement would be the ideal way of measuring the aero­
s o l  concentration in the ambient atmosphere. Since there i s  no 
r e l ia b le  method for the .in s i tu  determination o f  the aerosol,  
samples must be c o l lec ted  prior to  measurement. Normally, the 
acid i s  c o l lec ted  by f i l t r a t io n ,  impingment or in e r t ia l  impaction.
A ll  o f  the above procedures have advantages and disadvantages.
Thus, certa in  judgments must be made when in terpreting  data obtained 
in  the determination o f  su lfu r ic  acid aeroso l.
Sulfuric  acid aerosol i s  e a s i ly  neutralized by the a lk a lin e  
s i t e s  on a g la ss  f ib er  f i l t e r *8 Even repeated washings o f  the f i l t e r s  
with acid do not e f f e c t iv e ly  n eu tra lize  a l l  o f  the a lka line  s i t e s . 19 
C ollection  on membrane f i l t e r s  may resu lt  in a lo ss  of acid because 
of es ter  reaction s i t e s .  Topochemical reaction of su lfu r ic  acid 
aerosol with other po llu tants  co llec ted  concurrently make c o l le c t io n  
o f  massive amounts o f  a ir  samples invalid  because the acid w i l l  
react with the metal s a l t  p a rt icu la tes  on the f i l t e r  surface giving  
the respective  metal s u l fa t e s .  This problem i s  discussed in  d e ta i l  
in  Chapter V. As stated in  Chapter I ,  the resp irable  aerosols  
(0 .1  -  2.0  p,m) are the most to x ic .  Therefore, i t  i s  important to  
s e le c t  f i l t e r s  o f  appropriate pore s iz e  to  Insure the c o l le c t io n  in  
th is  range. In Chapter I I I ,  i t  i s  shown that Mitex f i l t e r s  o f  5 
pore s iz e  lose  about 50 percent o f  the aerosols  that are co llec ted  
by a M illipore f i l t e r  o f  0.k5 l̂ m pore s iz e .
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Samples c o l lec ted  on f i l t e r s  must be properly stored . It i s  
e s s e n t ia l  that the c o l le c t io n  surface remain untouched by other 
samples, storage containers or instruments used in transferring sam­
p les .  The samples should be stored in a dry inert atmosphere to  
avoid reaction  of the su lfu r ic  acid aerosol with other pollutants in 
the laboratory environment such as ammonia.
The impingement in  an aqueous system of a polluted atmosphere 
r e su lts  in the hydrolysis o f  soluble ac id ic  and basic sp e c ie s .  Thus, 
the net a c id ity  i s  not a measure o f the amount of su lfu r ic  acid aero­
so l  c o l le c te d .  Although net a c id ity  has been used as a measure of 
su lfu r ic  acid aerosol a lo n e ,20-28 the values are d e f in i t e ly  inaccu­
rate and misleading.
A ll of the methods reported in the l i te r a tu r e  are based on e ither  
the measurement of protons or su lfa te .  Both the approaches without 
prior separation of the su lfu r ic  acid , present inherent problems. All 
of the chemical methods reported involve the d isso lu t io n  of the sam­
ples  in  water or in a mixture of water and an organic so lv e n t . 20-39 
The id e n t i t i e s  of protons and su lfa te  are lo s t  when d isso lu tio n  occurs. 
Methods based on the measurement o f su lfa te  y ie ld  values proportionally  
higher depending upon the amount of soluble metal or ammonium su lfa te  
present in the sample. S im ilar ly , the net a c id ity  i s  dependent upon 
the concentrations of acid ic  and basic species  present.
It i s  a lso  obvious that su lfu r ic  acid w i l l  react with co -p o llu ­
tants during sampling and storage. A s ig n if ic a n t  amount of su lfu r ic  
acid aerosol may react with co-pollu tants  such as fe r r ic  oxide, lead 
oxide and ammonia before separation of the acid can be accomplished.
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Therefore, the values obtained for su lfu r ic  acid aerosol concentrates  
are in va lid .
Forthcoming in th is  chapter i s  a b r ie f  review of proton and s u l­
fate  methods for the determination of su lfu r ic  acid aerosol. Chapter 
IV discusses some of the methods in d e ta i l .
A. Measurement of Sulfuric Acid Aerosol as Protons
As stated  previously , ret a c id ity  is  not a good measure o f su l­
furic  acid aerosol. Coste and Coutier20 determined the amount of 
protons present by saturating an a ir  stream with water vapor followed  
by condensation. The su lfu r ic  acid aerosol acting  as nuclei of  
condensation were condensed in  a f la sk  immersed in i c e .  The ac id ity  
was then determined by d irect  t i t r a t io n  with an a lka line  so lu tion .
The approach was crude, required c o l le c t io n  o f massive samples and 
was susceptib le  to errors of t i tr im e tr ic  a n a lys is .  Whatman No. I\ 
f i l t e r s ,  washed with copious amounts o f water, have been used to 
sample the Los Angeles atmosphere. 21 The pH was measured a f te r  the 
sample f i l t e r s  were placed in a flask  and macerated. Commins22 
proposed a method for determining su lfu r ic  acid aerosol by back 
t i t r a t io n  to pH 7 with acid a f te r  a known excess of sodium tetrabo­
rate was added. Again th is  method could not d if fe r e n t ia te  between 
su lfu r ic  acid and other acid ic  components.
Acid indicators have been used in a variety  of methods for the 
measurement of a c id ity  in a ir  samples. West23 has proposed a 
spectrophotometric method based on the degree of s h i f t  due to protons 
of the equilibrium concentration of the s a lt  to acid forms of the 
indicator bromophenol blue. Waller24 c o llec ted  a ir  samples by im-
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paction on g lass  s l id e s  coated with g e la t in  containing thymol blue.  
Pink spots were observed when viewed under a microscope ind icative  
of the reaction of acid with the in d icator . Derre and P f e i f e r 25 
have co llec ted  su lfu r ic  acid aerosol on glass  p lates  coated with 
n itr o c e l lu lo se  and 5*5' methylene d i s a l i c y l i c  acid . Red spots were 
produced where the ac id ic  species  had impacted when the p lates  were 
heated. Honma and Sakito26 used a photoe lectr ic  colorimeter to de­
termine the amount of su lfu r ic  acid co l le c te d  on a metal f ilm .
A ring oven method based on the reaction of bromide ions with 
bromate Ions in the presence of protons to l ib era te  bromine has been 
proposed. 27 The bromine was reacted with f lu oresce in  to form the 
pink colored eosin . The color in te n s ity  of the eos in  was d irec t ly  
proportional to the amount of bromine liberated which in turn was 
dependent on the concentration of protons present. Both su lfu r ic  
acid and/or to ta l  protons can be determined e a s i ly .
Huygen28 recently  proposed a spectrophotometric method based 
upon the reaction o f gaseous-diaethylamine with su lfu r ic  acid to 
y ie ld  diethylammonium su lfa te  which was reacted with carbon d isu lf id e  
to form the dithiocarbamate. A complex, yellow-brown copper d ith io ­
carbamate, was then formed when cupric ions reacted with d iethyl  
dithiocarbamate ammonium s u l fa te .  Naturally, other acid ic  aerosols  
interfered in the determination.
Thus, most of the proton methods are based on the assumption that 
a l l  of the a c id ity  is  due to su lfu r ic  acid aeroso l.  This assumption 
r e su lts  in erroneous r e s u lt s .  The bromophenol blue and ring oven 
methods are discussed thoroughly in Chapter IV.
B. Measurement o f Su lfuric  Acid Aerosol as Su lfate
Sulfate methods measure both su lfa te s  from d issoc ia ted  su lfu r ic  
acid as w ell  as those from soluble s u l fa t e s .  Therefore, a separation  
of su lfu r ic  acid from other su lfa te  species  i s  necessary i f  the 
accurate amount of su lfu r ic  acid is  to  be determined. In Chapter IV 
the s e le c t iv e  separation of su lfu r ic  acid from other su lfa te  species  
is  d iscussed .
Turbidimetric methods are commonly used in the determination of  
su lfu r ic  acid aerosol. The most common method is  to p rec ip ita te  
s u lfa te  as barium su lfa te  in the presence o f a suspending agent 
and measure the d ispersion  o f u l tr a v io le t  l ig h t  by the suspension. 29 
Perimidylammonium ch loride has been used by Stephen in the tu rb id i­
metric- su lfa te  determination. 30
Spectrophotometric a n a ly t ic a l  f in ish e s  are used exten sive ly  In 
the determination o f su lfu r ic  acid aeroso l.  Lazrus, et a l . , 3;i 
reported a procedure in  which the su lfa te  was precip itated  by the 
addition o f barium chloride in the presence of methyl thymol blue.
The excess unreacted barium formed a complex with the dye. The excess  
methyl thymol blue remaining was measured spectrophotom etrically . 
S e n s it iv i ty  is  1 ug/ml for th is  method. One drawback of th is  approach 
was that i t  had to be performed in an inert atmosphere. Another 
spectrophotometric method was based on the reaction of so lid  barium 
ch loran ila te  with su lfa te  ion in alcohol so lu t ion  to form barium 
su lfa te  and an eq u iliven t amount o f so lub le  ch loran ila te  ion.
The absorbance of the h ighly-colored  ch loran ila te  was proportional to 
the amount of su lfa te  present in the sample.3 e >33 This method was
1-5
aLso subject to several in terferences  and the in ter fer in g  ions 
therefore had to be removed by prior ion exchange procedures.
T itr im etric  methods have been employed for the determination 
of s u lfa te .  Fr itz  and Yamamura34 and Dubois, e t  a l . , 35 micro­
t i tr a te d  s u lfa te  with barium perchlorate using Thorin as the end­
point ind icator . Prior removal o f in terferences  by ion exchange was 
necessary. A polarographlc method, reportedly with a s e n s i t iv i t y  
of about 1 qg/ml o f s u lfa te  has been proposed by Dubois, e t  a l . 36
Several attempts to  q u an tita tive ly  reduce s u lfa te  to e ither  
su lfu r  d ioxide or hydrogen s u l f id e ,  with subsequent determination 
of su lfu r  dioxide or hydrogen su lf id e  have been reported. Ludwig 
and Robinson37 reduced s u l fa te  to hydrogen s u lf id e  in a microcom­
bustion furnace and t it r a te d  the hydrogen su lf id e  with iodine.
A d etection  l im it  o f  O.O5 pg su lfur has been claimed for th is  
approach. David and Lindstrom38 reduced s u lfa te  to hydrogen su lf id e  
with a mixture o f hydroiodic a c id , a c e t ic  anhydride and sodium hy- 
pophosphite. The hydrogen su lf id e  gas was trapped in a so lu tion  of 
fe r r ic  ion where i t  reduced iron III  to iron I I .  This was then 
determined spectrophotometrically as the 1 , 10-phenanthroLine complex.
S c a r in g e ll l  and Rehme have attempted to reduce su lfu r ic  acid 
aerosol over heated copper at 500°C to produce su lfur d io x id e . 33 
The su lfu r  dioxide was determined by flame photometry , and the West- 
Gaeke procedure40. Unfortunately, the copper reduction method for  
determination of the aerosol lacks rep rod u cib ility .  A simple method 
based on the pyrolysis  o f perimidylammonium su lfa te  to  y ie ld  sulfur
dioxide has recently  been proposed by Maddalone, et a l . 41 This method 
of s u lfa te  determination, when coupled with a good separation step ,  
offered  s im p lic i ty ,  r e l i a b i l i t y  and speed in the determination of su l­
furic  acid aeroso l.  The barium ch loran ila te  and pyrolytic  methods 
are discussed in d e ta i l  in Chapter IV.
Thus, several su lfa te  methods have been developed. Previously ,  
without the s e le c t iv e  separation o f su lfu r ic  acid from other su lfa te  
sp e c ie s ,  the su lfa te  methods could only give to ta l  su lfa te  measure­
ments. A method discussed in Chapter V overcame th is  problem and 
a lso  eliminated the topochemical reaction o f su lfu r ic  acid aerosol with 
co -e x is t in g  pollu tants  such as F e ^ g ,  AI2O3 and PbO. This was accom­
plished by s ta b i l iz in g  the acid as perimidylammonium su lfa te  at the 
moment o f c o l le c t io n .
PART 11
GENERATION OF SULFURIC ACID AEROSOL
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CHAPTER I I I
A CONVENIENT METHOD FOR THE GENERATION OF SULFURIC 
ACID AEROSOL 42
The common occurrence o f su lfu r ic  acid aeroso ls in  the ambient 
a ir ,  and i t s  to x ic  nature, n ec e ss ita te s  the a v a ila b il ity  o f a r e lia b le  
and s p e c if ic  a n a ly tica l method for i t s  determ ination. In order to 
t e s t  the f e a s ib i l i t y  and the r e l ia b i l i t y  of any new method de­
veloped for the determination of su lfu r ic  acid a ero so ls , i t  is  
e sse n t ia l to  have standard samples and/or a reference method of 
a n a ly sis . Since no su ita b le  reference method e x is t s ,  the av a ila ­
b i l i t y  of su ita b le  standards is  of utmost importance. Such stan­
dards should contain known amounts of su lfu r ic  acid aerosol and 
id ea lly  would include a matrix s im ilar  to that o f a ty p ica l a ir  
sample. The m atrix, for example, might have p re-se lected  amounts 
of so o t, s i l i c a ,  various metal p a r t ic u la te s , e tc . The p a r tic le  
s ize s  of the standards should be representative of the s iz e  range found 
in actual samples. The method of production of the acid aerosol 
standards should be simple and r e lia b le . A novel method has been 
developed for the generation of su lfu r ic  acid aeroso ls which meets 
a l l  o f these requirements.
Most of the methods commonly used for the generation of su l­
fu ric  acid aeroso ls are based on the method developed by S in c la ir  
and La Mer 43, or some m odification  o f th e ir  method. Their apparatus 
is  shown in Figure 1. The aerosol was generated by placing concen­
trated  su lfu r ic  acid (99 percent) in the b o iler  (see  Figure 1) which 
was heated to temperatures ranging from 5O0 to 155°C. Air was
18
FIGURE 1
LA MER-SINCLAIR H2 S04  AEROSOL GENERATOR
19
f i l tered
ai r








—  -  /znrTToo
HEATERS
bubbled sim ultaneously through the hot acid and the io n izer . The 
io n izer  produced condensation n u c le i, u su a lly  sodium ch loride  
p a r t ic le s .  The vapor formed was carried  in to  the reheater, which was 
maintained at a higher temperature than the b o ile r , thus, the spray 
was vaporized and mixed with the n u c le i to produce the a ero so l. The 
aeroso l then rose through the chimney where a sample can be w ith­
drawn. La Mer, e t  a l . , 40 in  la te r  stu d ies  m odified th e ir  method 
by elim inating the use o f  the io n iz e r  and the bubbler, which they 
found unnecessary.
Coutarel and co-workers45 have u t il iz e d  a La M er-Sinclair type 
apparatus for the generation  o f  su lfu r ic  acid aeroso l in  th e ir  stu d ies  
on aeroso l growth. Their observations showed that an in ert atmosphere 
with constant purging o f the generator was required for m aintaining 
a constant concentration o f the su lfu r ic  acid in  the b o ile r . Con­
cen tra tion , b o ile r  temperature and flow ra tes were found to  be 
c r i t ic a l  factors in  determining aerosol s iz e .  Their system fa ile d  
to g iv e  reproducible data from day to  day under presumably the same 
con d ition s.
S c a r in g e lli  and Rehme39 have reported an aeroso l generator that 
used fuming su lfu r ic  acid and a condensation technique, but did 
not incorporate a reheater as in  the La M er-Sinclair generator.
The photooxidation o f s u lfu r ic  acid and a ir  in  a p la s t ic  bag 
by irra d ia tio n  w ith  black l ig h t  having a peak sp ectra l em ission  
at 550 nm has been reported as a method for the generation of  
su lfu r ic  acid a er o so l46 Other methods o f generation reported in ­
clude the atom izer47 and spinning d isk  generators. 49
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The su lfu r ic  acid aeroso l standards made by th ese  methods 
would contain only su lfu r ic  acid , w ithout the other normal 
con stitu en ts o f an a ir  sample such as so o t, metal p a r t ic u la te s , e tc .  
A lso, i t  was d i f f i c u l t  to  obtain  reproducible amounts o f su lfu r ic  
acid using these methods owing to  the d i f f ic u l ty  in  maintaining 
p recise  flow ra te s , co n tro llin g  concentration and esta b lish in g  
optimum b o ile r  temperatures. The method developed in  th is  work 
overcame these d i f f i c u l t i e s  and offered  a new approach for genera­
tio n  of su lfu r ic  acid a ero so l.
A. P r in cip le
On combustion o f  su lfu r  or su lfu r  bearing-m aterials in  a ir ,  
the oxidation  o f su lfu r  i s  considered to proceed in  two step s as 
fo llo w s:
S + ^ SO2
SOg f  — SO3
At equilibrium  con d ition s, the amounts o f su lfu r  d ioxide and su lfur  
tr io x id e  produced are strongly  dependent on the temperature and 
the oxygen c o n c e n tr a t io n .  Hougen and Watson49 have reported  
the equilibrium  concentrations o f su lfu r  d ioxide and su lfu r  tr io x id e  
at various temperatures. As shown in  Figure 2, equilibrium  at 
ambient temperatures strongly favored su lfu r  tr io x id e  rather than 
the d ioxide and at elevated  temperatures the d ioxide predominated. 
Again, as i s  evident from Figure 2 , the amount o f  the su lfu r  t r i ­
oxide produced increased w ith increased amounts o f  oxygen used in  
the combustion.
The new method described in th is  chapter for the generation of
FIGURE 2
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su lfu r ic  acid a ero so l, i s  based on the reactions described above. 
Sulfur or sulfur-bearing compounds or so lu tion s were continuously  
combusted in a controlled manner, fa v o r in g  the formation of su lfu r  
tr io x id e  and subsequent combination of su lfu r tr io x id e  with water, 
to  form the su lfu r ic  acid  aeroso l. The s a lie n t  feature o f th is  me­
thod was that i t  c lo se ly  simulated the actual processes that occur 
in  an in d u str ia l stack in the formation of su lfu r ic  acid aeroso l. The 
other normal co n stitu en ts  o f an airborne p a r ticu la te  sample such 
as soot, s i l i c a ,  and metal p a r tic u la te s , e t c . ,  could a lso  be generated 
under the same con d ition s. Thus, using th is  method one could pro­
duce composite airborne p a r tic u la te  samples, containing known 
amounts o f su lfu r ic  acid  aeroso l, metal oxide p a r tic u la te s , s i l i c a ,  
and so o t, in  desired ra t io s  o f th e ir  concentrations.
B. Construction o f  the Generator
The aeroso l generator was based on the design o f  the metal 
p a rticu la te  generator developed by Dharmarajan and West. 50 The 
generator consisted  of a to ta l  consumption atomizer burner ( l ik e  the 
ones used in  commercial flame photometers) mounted at the base o f  
a minature Pyrex g la ss  stack , open at both ends. A sampling probe 
a lso  made o f Pyrex g la ss , was inserted  from the top o f the stack .
The rim o f  the sampling probe was ground to a sharp edge to minimize 
the d e f le c tio n  o f the a ero so l. A f i l t e r  holder made o f  Teflon  
was connected to the sampling probe by means o f Tygon tubing, which 
in  turn, was connected to  a wet t e s t  meter and a vacuum pump. The 
schematic diagram o f the aeroso l generator i s  given in  Figure
FIGURE 3 
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C. O peration  o f  th e  Generator
The atom izer  burner was operated  with a c e ty le n e  or hydrogen as 
th e  f u e l  and oxygen as the  o x id a n t .  A c e ty le n e  was used when so o t  was 
d e s ir e d  in  the sample c o l l e c t e d .  A s o l u t i o n  c o n ta in in g  d is s o lv e d  
s u l f u r  or even a d i l u t e  s o lu t io n  o f  s u l f u r i c  a c id  was a sp ir a te d  
in t o  the  flame a t  a s tea d y  r a t e .  The a s p ir a te d  s o lu t io n  i s  atomized  
in  the burner , and when i t  reached the f la m e ,  the s o lv e n t  evap ora t­
e d ,  In the c a s e  o f  s u l f u r i c  a c id  d ecom p osit ion  to  w a ter ,  s u l f u r  t r i ­
o x id e ,  and p o s s ib ly  s u l fu r  d io x id e ,  s u l f u r ,  oxygen and hydrogen  
o ccu rred . When th e  s u l f u r  atoms le f t  the  f lam e , they recombine a c ­
co rd in g  to  th e  r e a c t io n  d is c u s se d  p r e v io u s ly .  The r e a c t io n  co n d i­
t io n s  in  th e  s ta c k  were such th a t  i t  favored  the form ation  o f  s u l fu r  
t r i o x i d e  ra th er  than s u l f u r  d io x id e .  A ls o ,  the combustion o f  hydrogen  
or a c e ty le n e  w ith oxygen produces w a te r ,  which combined with s u l fu r  
t r i o x i d e  to  produce s u l f u r i c  a c id  a e r o s o l .  The a e r o s o l  so  formed 
moved up the s ta c k  at a s tead y  r a t e .  The r a te  o f  form ation  o f  
the  a e r o s o l  was p r e c i s e l y  c o n t r o l l e d  by r e g u la t in g  the  
a s p ir a t io n  r a t e ,  which in  tu rn ,  was c o n t r o l l e d  by the flow  r a te s  o f  
oxygen and f u e l .  Thus, o n c e ,  a s t e a d y - s t a t e  was reached in the  
s t a c k ,  the a c id  a e r o s o l  moved up the s ta c k  w ith  a c o n s ta n t  v e l o c i t y .
D. Experim ental  
Apparatus and M a ter ia ls
A tom izer-b u rn er: Beckman Flame Photometer Burner assembly  
w ith  o x y g e n /fu e l  r e g u la to r s .
Pyrex s ta ck :  Length = 60", I'D = 3 / 4"
Pyrex sampling probe: ID = 5/ i e
Teflon f i l t e r  holder: Made by Chemistry Department
Workshop, LSU, to  hold k-7 mm f i l t e r .
Wet-Test Meter: E. H. Sargent and Company, Chicago, 111.
I f  I I
Tygon tubing: ID = x  and ID = 3/q
Oxygen, acety len e and hydrogen tanks 
L eitz Ortholux Research Microscope 
Beckman DB Spectrophotometer
P yrolysis  apparatus - (see  Figure U) The apparatus con­
s is te d  o f three major p arts, i . e . ,  oven, combustion train  
and in je c to r  system. The oven was a modified Sargent micro 
combustion furnace (S-21580) w ith  a Lindburg cy lin d r ica l  
heating block added to the top hinge o f  the oven. The 
combustion tra in  consisted  o f a 55 ™  OD X 65 mm quartz 
tube w ith a 33 10111 OD ^ h / b 5  female ground g lass  jo in t  
attached to  one end. A 11 mm OD X 60 mm 18/9 Vycor 
male b a l l  jo in t  was attached to  the other end. 6 mm ID 
Teflon tubing, g la ss  tubing and a Pyrex 18/9 female b a ll  
jo in t  was used to connect the bubbler. The in jec to r  sy­
stem consisted  of the fo llow in g . A 3V^5 Pyrex male ground 
g la ss  jo in t  was f it te d  on i t s  center l in e  with a 12 mm 
OD X 30 01111 Pyrex tube. This tube was blown with an in sid e  
depression halfway down i t s  length enabling i t  to  accept 
a Viton high temperature O-ring (Hum OD). A 9 .5  mm OD 
Teflon s lee v e  with a 6 .5  center tap was inserted  in to  the 
12 mm OD tube. A 6 imp OD X 80 mm quartz rod with a fork
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design ed  t o  hold  a 15 mm OD d is h  a t  one end was in s e r te d  
through th e  T e f lo n  s l e e v e .  By means o f  anoth er  V iton  
O -ring (6  mm ID) and T e f lo n  w asher , th e  system  was made 
a i r - t i g h t .  F i n a l l y ,  a t  90°  to  th e  c e n te r  l i n e  o f  th e  
3U/^5 male j o i n t ,  a 10 mm p ie c e  o f  7 mm OD p yrex  tub ing  
was added t o  th e  s i d e  o f  th e  j o i n t  t o  a c t  as  an i n l e t  o u t­
l e t  p o r t  ( s e e  F ig u r e  I* ) .
Flowmeters -  Lab-Crest rotam eters o f  a p p rop ria te  ranges were 
u se d .  These w ere a c c u r a te  to  + two p ercen t  o f  f u l l  s c a l e .  
Tape sampler -  Gelman Instrum ent Company, Model 23000-1  
ta p e  sampler was m o d if ied  by th e  a d d it io n  o f  a 1 7  mm d ia ­
m eter s t a i n l e s s  s t e e l  mesh, a 12  mm ID ( l 6  mm 0D) 0 - r in g ,  
an 8  mm ID (11 mm 0D) 0 - r i n g ,  and an 11 mm diam eter s t a i n ­
l e s s  s t e e l  mesh. These p a r ts  w ere layered  i n  th e  sampling  
p o r t  in  th e  order l i s t e d  t o  p rov id e  support fo r  th e  
F luoropore f i l t e r s .  Without t h i s  bu ildup  su pp ort ,  th e  
f i l t e r s  would c o l l a p s e  under th e  p r e ssu r e s  produced by 
th e  sampling r a t e  employed. With th e  sample p ort m odified  
in  t h i s  manner, samples were c o l l e c t e d  over an e f f e c t i v e  
diam eter o f  approxim ately  12 mm.
G lass  d is h e s  -  S o f t  g l a s s  v i a l s ,  15 mm ID X 120 mm, were 
cut 3  mm from th e  bottom to  p rov id e  m ic r o d i f fu s io n  d i s h e s .  
Vacuum d e s ic c a t o r  -  C om ing  No. 3 1 1 8  or e q u iv a le n t .
T e f lo n  b lo ck  -  A lb  cm X 7 cm X 1 cm T e f lo n  b lo c k  was used  
to  support th e  f i l t e r s  during m ic r o d i f fu s io n .
U lt r a s o n ic  c le a n e r  -  F ish e r  u l t r a s o n ic  gen era to r
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F i l t e r s
MF-Millipore(HA), 0.1+5 u. pore s iz e  
Whatman No. 1+1
Mitex (T eflon) 5 .0  u, pore s iz e
Graphite f i l t e r s  from Spectrogram C o rp .,  North Haven, 
C onn ecticu t  
Fluoropore (T e f lo n )  0 .5  p, pore s i z e  
R ea g en ts :
S u l f u r ic  a c id :  0 .0 2 0 0  N standard s o l u t i o n ,  Kem-Tech
L a b o r a to r ie s ,  I n c . ,  Baton Rouge, L o u is ia n a .  
Bromophenol-blue: Matheson, Coleman and B e l l ,  0 .0 5  p e r ­
c e n t  w ater  s o lu t io n
C h loran ilic  Acid: F isher S c ie n t if ic  Corporation
Barium ch lo ra n ila te : Prepared by p rec ip ita tio n  o f an
aqueous so lu tio n  o f c h lo r a n ilic  acid upon addition  of  
BaCl2 *2H20 . Barium ch lorid e was added u n til the dark 
purple co lor  due to ch lo ra n ila te  ion  disappeared in d ica­
tin g  completion o f  rea ctio n  w ith c h lo r a n ilic  a c id . A dark 
brown p r ec ip ita te  was co llec ted  by vacuum f i l t r a t io n  and 
then washed with 80 percent isopropanol for 1 hour in  a 
beaker, w ith the aid o f a magnetic s t ir r e r  and hot p la te .  
Temperature was maintained at approximately 75 °C. The 
so lu tio n  was f i l t e r e d  and the barium ch lo ra n ila te  was 
washed w ith hot isopropanol. The p u rified  cry s ta ls  were 
then dried under vacuum for 16 hours.
Sodium t e t r a c h lo r o m e r c u r a t e ( I I ) ,  0 . 1  H * Reagent grade
3 L
m ercury(II) ch loride ( 2 7 , 2  g) and reagent grade sodium 
ch lorid e ( 11.2 g) were d isso lved  and d ilu ted  to  one l i t e r  
with d i s t i l l e d  water.
Formaldehyde so lu tio n , 0 .2  percent - 0 .5  ml o f  1+0 percent 
formaldehyde so lu tio n  was added to 100 ml o f  d i s t i l l e d  
w ater. This so lu tio n  was made fresh  d a ily .  
Perimidylammonium bromide, 0 .0 5  percent -  0 .05  g 
o f  PDA-Br synthesized according to  McClure51 and recry­
s ta l l iz e d  tw ice from methanol was added to 10 ml of  
d is t i l l e d  water or methanol. This so lu tio n  was 
made fresh  d a ily .
Pararosaniline hydrochloride - 0.61+ g o f reagent grade 
pararosan ilin e hydrochloride was added to  2l+0 ml o f  
concentrated HCl, and d ilu ted  to  1 l i t e r  w ith d is t i l l e d  
w ater. Tw enty-five m i l l i l i t e r s  of th is  so lu tio n  were 
d ilu ted  to 100 ml with d i s t i l l e d  water to provide the 
working so lu tio n .
Isopropanol
(A ll the reagents used were o f a n a ly tic a l reagent grade).
Procedure
The atomizer burner was operated w ith e ith er  acety len e or 
hydrogen as the fu e l and oxygen as the oxidant. Fuel flow was re­
gulated at 1 ,0  p s i and the oxidant a t 12 .5  p s i .  The sampling probe 
was located in  the center o f the stack , 48" above the top o f the  
burner. The system was allowed to eq u ilib ra te  by asp iratin g  the
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fe e d  s o lu t io n  fo r  about 5 m inutes b e fo re  samples were c o l l e c t e d .  A 
s t e a d y - s t a t e  was thus a t ta in e d  and a co n s ta n t  tem perature o f  111+°C 
was ob ta in ed  a t  the sam pling s i t e .
Samples were c o l l e c t e d  on v a r io u s  f i l t e r  media to  in c lu d e  such  
f i l t e r s  as paper, g la s s  f i b e r ,  M i l l i p o r e ,  g r a p h ite  and T e f lo n .  The 
samples on f i l t e r  paper and Fluoropore f i l t e r s  were taken u s in g  a 
s e s q u e n t ia l  tape sampler (Gelman Instrum ent Company). A s p e c ia l  f i l ­
t e r  h o ld er  was made out o f  T eflon  fo r  c o l l e c t i n g  samples on M i l l ip o r e ,  
g ra p h ite  and T ef lo n  f i l t e r s .  The sam pling t im es were measured 
a c c u r a te ly  w ith a s topw atch . A sampling r a te  o f  0.1+5 CF/minute was 
m ainta ined  throughout the s tu d y .  Sample b lan k s  were c o l l e c t e d  
im m ediately a f t e r  each sample run by a s p ir a t in g  th e  ap p ro p r ia te  s o l ­
vent .
The above exp er im en ta l c o n d it io n s  were m aintained  throughout  
th e  s t u d i e s  d escr ib ed  below u n le s s  in d ic a te d  o th e r w is e .
The samples c o l l e c t e d  were analyzed  fo r  s u l f u r i c  a c id  co n ten t  
by four d i f f e r e n t  methods. The barium c h l o r a n i l a t e , 33  d i f f u s i o n  
p y r o l y s i s 41 and e x t r a c t i o n  p y r o ly s i s  m ethods41 which measure the  
s u l f a t e  c o n c e n tr a t io n  and the bromophenol b lue  method developed  
by Chiang and West33 which measures the proton c o n c e n tr a t io n  
are d escr ib ed  below. See Chapter IV fo r  a through d i s c u s s io n  o f  each 
method.
Barium C h lo r a n i la te  Method: 33
The f i l t e r  c o n ta in in g  the  s u l f u r i c  a c id  a e r o s o l  sample was 
p laced  in  a I 5O ml b ea k er ,  and washed  ̂ or 5 t im es w ith  sm all  
amounts o f  d e io n iz e d  w ater .  The washings were added to  a 10 ml
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volum etric f la sk  containing 8 ml o f isopropanol and d ilu ted  to  the  
mark with deionized w ater. The contents o f  the f la sk  were tran s­
ferred to  polyethylene b o t t le s  containing 25 mg barium ch lo ra n ila te  
and shaken m echanically for 30 m inutes. A fter shaking, the 
so lu tio n s were decanted in to  cen tr ifu ge  tubes and centrifuged for  
2 m inutes. The absorbance o f the decantate, containing the 
ch lo ra n ila te  ions disp laced  by the s u lfa te  was measured at J1.0 nm 
for 0-10 ppm range or at 530 nm for the 10-100 ppm range. C a li­
b ration  curves were made for both the ranges by taking appropriate 
amounts o f  standard su lfu r ic  acid and fo llow ing the above procedure. 
C alibration  graphs are shown in  Figure 5»
D iffu sion  P yrolysis  Method (S u lfu r ic  Acid Method) 41 
Samples were c o lle c te d  on Fluoropore f i l t e r s  th at were cut in  
h a lf  and inserted  in to  the c o lle c t io n  zone o f the Geitnan tape sampler. 
A flow ra te  o f  approximately ^.O l/m in  was maintained throughout 
the sampling period . A ll samples were co llec ted  for the same 
length o f tim e. F ive samples were analyzed for th e ir  su lfu r ic  acid  
content a t severa l le v e ls  o f  acid .
The su lfu r ic  acid aerosol was separated from any other su lfa te  
sp ecies  by m icrod iffu sion . M icrodiffusion  d ish es , 15 mm ID X 3 mm, 
were prepared by adding 250 u,l o f  a 0 .5  percent methanol so lu tio n  
o f PDA-Br. The methanol was evaporated in  an oven to  g ive  a thin  
c r y s ta llin e  coating o f PDA-Br on the in s id e  o f  the d ish . PDA-Br 
which c r y s ta lliz e d  on the rim o f  the dish  was removed with a cotton  
swab wetted with methanol.
Samples were co llec ted  and placed on a T eflon  b lock . Inverted
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PDA-Br coated d ishes were placed over each sample spot.
The f i l t e r s ,  Teflon block and d ishes were placed in  a n itrogen  
purged oven at 125 °C for 2 hours. The dishes were removed and 
d ir e c t ly  pyrolyzed. See Reference 52.
The amount o f  su lfu r  d ioxide evolved was determined by using  
the West-Gaeke procedure.40 The absorbance was read at 5&0 nm.
The amount o f su lfu r d ioxide was obtained from a ca lib ra tio n  curve 
The amount o f  su lfu r ic  acid present was obtained by m ultip lying by 
the appropriate chemical fa cto r .
Extraction P yro lysis  Method (Total S u lfa te  Method)41
Five samples were c o llec ted  as described in  the D iffu sion  
P yrolysis Method. Excess f i l t e r  was cut away and the sample spot 
was placed in  a 10 ml beaker.
A Fluoropore blank was treated  in  the same way. A 50 percent 
methanol water so lu tio n  w i l l  extract a l l  s u lfa te s .  Since the 
generator produced su lfu r ic  acid e x c lu s iv e ly , methanol was used 
as the extractan t.
Approximately 1.0 ml o f  methanol was added to each beaker.
The beakers were placed in  a Fisher u ltra so n ic  cleaner and 
sonicated for three m inutes. The ex tracts were placed in  marked 
5 ml volum etric fla sk s and the process was repeated two more t im e s .  
Volumetric fla sk s  were d ilu ted  to  the mark with methanol. Two 
m il l i l i t e r s  of each so lu tion  were placed in I 5 mm X IS mm ID 
dishes containing 250 M>1 PDA-Br, The d ishes were placed in a 
vacuum d esicca tor  at 80 °C and the so lven t was removed. This 
process was very time consuming. Samples were then d ir e c t ly
p y ro ly z ed .
The amount o f  s u l f a t e  i s  c a l c u la t e d  from th e  amount o f  s u l f u r  
d io x id e  ev o lv ed .  Again , a c a l i b r a t i o n  curve i s  used to  determ ine  
th e  amount o f  s u l f u r  d io x id e  e v o lv e d .
Bromophenol Blue I n d ic a to r  Method: ^
This method i s  based on th e  d eg ree  o f  th e  s h i f t  due to  proton s  
on the  eq u il ib r iu m  c o n c e n tr a t io n s  o f  the s a l t  and ac id  forms o f  
the  in d ic a t o r .  The s h i f t  was measured s p e c tr o p h o to m e tr ic a l ly  by
read ing  th e  absorbance a t  5 87  nm.
The f i l t e r . c o n ta in in g  th e  s u l f u r i c  acid  a e r o s o l  was p laced  
in  a 150  ml beaker and washed f i v e  t im es  w ith  d e io n iz e d  w a ter .
The w ashings were t r a n s fe r r e d  to  a 50 ml v o lu m etr ic  f l a s k  con­
t a in in g  3 ™1 o f  0 .0 5  p e r c e n t  bromophenol b lu e  s o lu t io n  and made up 
to  th e  mark w ith  d e io n iz e d  w a te r .  The absorbance curve was p r e ­
pared by ta k in g  a p p ro p r ia te  amounts o f  standard s u l f u r i c  a c id .
The c a l ib r a t io n  curve i s  shewn in  F ig u re  6 .  In  th e  samples analyzed  
by t h i s  method, d i l u t i o n s  were made t o  ap p ro p r ia te  volumes depend­
in g  upon the amount o f  a c id  c o l l e c t e d  in  order th a t  absorbance  
read in gs  would f a l l  on th e  c a l i b r a t i o n  curve .
E, R e s u lt s  and D is c u ss io n
I n i t i a l l y ,  t r i a l  experim ents were performed to  confirm  th e  
prod u ction  o f  s u l f u r i c  ac id  a e r o s o l  and to  determ ine whether  
or not some o th er  s u l fu r  compounds might be produced. The 
most l i k e l y  s u l fu r  compound produced would be su lfur d io x id e .
The p o s s i b l e  p ro d u ct io n  o f  s u l f u r  d io x id e  was t e s t e d  by th e  
West-Gaeke p rocedure. 40 A scrubber c o n ta in in g  sodium t e t r a -
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c h lo r o m e r c u r a te (I I )  s o l u t i o n  was connected  to  th e  sam pling probe  
( in  p la c e  o f  th e  f i l t e r  h o ld e r )  in  th e  sam pling t r a in ,
A sa tu r a ted  s o l u t i o n  o f  s u l f u r  i n  iso p ro p a n o l and an aqueous  
s u l f u r i c  ac id  s o l u t i o n  (9 8 0  ppm) were a s p ir a te d  in t o  an a i r -  
a c e ty le n e  f lam e. Samples were c o l l e c t e d  fo r  d i f f e r e n t  time p er ­
io d s  up to  one hour. The a n a ly s i s  o f  th e  t e t r a c h lo r o m e r c u r a te (I I )  
scrubbing s o l u t i o n  fo r  s u l f u r  d io x id e  was n e g a t iv e .  Hence, i t  
was concluded th a t  a l l  o f  th e  s u l f u r  was b e in g  con verted  to  
s u l f u r  t r i o x i d e  under th e  e s ta b l i s h e d  exp er im en ta l c o n d i t io n s .
The f e a s i b i l i t y  o f  g e n e r a t io n  o f  s u l f u r i c  a c id  a e r o s o l  was 
s tu d ied  by a s p ir a t in g  a s o lu t io n  o f  s u l fu r  in  iso p ro p a n o l  in t o  an 
a i r - a c e t y l e n e  f lam e. Samples w ere c o l l e c t e d  in  a scrubber c o n t a in ­
ing  d i l u t e  NaOH and th e  r e s u l t a n t  s o lu t io n  was analyzed  fo r  s u l f a t e  
co n ten t  by a p y r o ly t i c  method developed by Maddalone and W est . 52  
The a n a ly s i s  confirmed th e  p resen ce  o f  s u b s t a n t ia l  amounts o f  
s u l f a t e s .  R eproducib le  g e n e r a t io n  o f  s u l f u r i c  a c id  a e r o s o l  was 
found d i f f i c u l t  when a s p ir a t in g  a s u l f u r  s o l u t i o n ,  due to  problems 
o f  non-uniform  a s p i r a t i o n .  S u lfu r  d e p o s i t s  were formed in  th e  
burner c a p i l l a r y  and th e  flame was unsteady and f l i c k e r i n g .  To 
overcome t h e s e  problem s, d i l u t e  s o lu t io n s  o f  s u l f u r i c  a c id  i t s e l f  
were a s p ir a te d  in to  the flame to  determ ine whether or not s u l f u r i c  
acid  a e r o s o l  was b e in g  produced. I n t e r e s t i n g l y  enouglT, th e  com­
b u s t io n  o f  s u l f u r i c  ac id  s o lu t io n  in  th e  flame did produce 
s u l f u r i c  a c id  a e r o s o l  and th e  a s p ir a t io n  was smooth w ith  no problems 
o f  burner c lo g g in g  or u n s ta b le  f lam es .  T h e r e fo r e ,  in  a l l  su cceed in g  
ex p er im en ts ,  d i l u t e  s o lu t io n s  o f  s u l f u r i c  acid  were used
as feed so lu tio n s .
To confirm that su lfu r ic  acid aeroso l was being generated the 
follow ing experiments were performed. A 980 Ug/ml so lu tio n  o f  
su lfu r ic  acid was aspirated in to  an oxy-hydrogen flame and two se ts  
o f  samples were co llec ted  for 2, 5> 10» 15 and 20 minutes using  
M illip ore f i l t e r s .  Blank samples were a lso  co llec ted  concurrently  
by asp iratin g  deionized water under the same con d ition s. One se t  
o f the samples was analyzed using the barium ch lo ra n ila te  method 
and the second se t  was analyzed using the bromophenol blue method. 
The r e su lts  are shown in  Figure 7* From the figu re , i t  i s  c lear  
the values for su lfu r ic  acid obtained by the two com pletely inde­
pendent methods agree w e ll. The barium ch lo ra n ila te  method d eter­
mined the amount o f su lfa te  whereas, the bromophenol blue method 
on the other hand measured the amount o f protons lib era ted . The 
c lo se  agreement between these two methods con clu sively  proved that 
the species generated was su lfu r ic  acid aeroso l. The lin ear  and 
proportional increment o f the amount o f  su lfu r ic  acid co llec ted  
with tim e, as shown in  Figure 7 , a lso  ind icated  the r e l ia b i l i t y  
and rep ro d u cib ility  o f th is  method o f generation.
The p rec is io n  o f generating standard samples was studied by 
c o lle c t in g  seven samples, each o f 8 minute duration, under the same 
conditions as described above. A k .2  percent r e la t iv e  standard 
d eviation  was obtained using the barium ch loran ila te  method.
The re su lts  are tabulated in Table I . Table II and Table III  show 
the p recision  for samples containing le ss  than h0 pg of acid . Tri­
p lic a te  samples were analyzed for each le v e l of acid .
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TABLE XI
RELATIVE STANDARD DEVIATION FOR EXTRACTION PROCEDURE ANALYSES 
OF GENERATED AEROSOL SAMPLES AT SEVERAL CONCENTRATIONS
p,g Sulfuric  Acid Extracted R elative Standard Deviation ($)
9
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TABLE III
RELATIVE STANDARD DEVIATION FOR THE DIFFUSION PYROLYSIS ANALYSES 
OF GENERATED AEROSOL SAMPLES AT SEVERAL CONCENTRATIONS
Ug Sulfuric Acid Diffused Relative Standard Deviation ($>)




The e f f ic ie n c y  o f  four f i l t e r s  for the c o l le c t io n  o f  the 
aerosol was tested  by aspirating  a 9^0 PPm su lfu r ic  acid so lu tion  
in to  an oxy-hydrogen flame. Samples were co llec ted  for the 
same length o f  time. Because the pressure drop across d iffe r e n t  
f i l t e r s  varies , a rotameter was incorporated before the f i l t e r  and 
the flow rates  were adjusted to the same value using a needle  
v a lv e . Once the flow rate  was adjusted, the rotameter was removed 
and the sample co llec ted  for the time desired . Thus, the volume 
of a ir  sampled in  each case was equalized. The samples were 
analyzed by both the barium ch loran ila te  and the bromophenol blue 
methods. The r e su lts  are given in  Table IV. Of the four 
d ifferen t  f i l t e r  media te s te d ,  v iz ,  M illip ore , Whatman No. Ul, 
Teflon and graphite, M illipore was found to  have the b est  and 
Teflon had the le a s t  e f f ic ie n c y .  The e x ce l len t  co rre la t ion  be­
tween the values obtained by these two d if fe r e n t  methods gives  
added proof to the fact that the species  being generated was 
exc lu s iv e ly  su lfu r ic  acid free  from other a c id ic  or s u lfa te  com­
pounds.
Preliminary in v est ig a tio n s  indicated that a portion of the 
su lfu r ic  acid aerosols  generated f e l l  in the resp irable  range, 
i . e . ,  0 .1 - 2  [i. The s iz e  was determined by c o l le c t in g  the su lfu r ic  
acid aerosol on Fluoropore f i l t e r s  and observing i t  under a light  
microscope (L eitz  Ortholux Research Microscope). A ty p ica l  
aerosol sample thus co llec ted  i s  shown in  Figure 8 . Teflon  
f i l t e r s  were used because the other f i l t e r s  such as Whatman Hi,
FIGURE 8 
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COMPARISON OF FILTER EFFICIENCY
I Barium C h lo ra n i la te  Bromophenol-Blue
Cr Method, pg of  Sul- Method, gig of Sul­
f u r i c  Acid fu r ic  Acid
MF-Millipore (HA) 525
Whatman No. t̂l J00 29
Mitex (Tef lon)  18? 172
Graphite 2 5 7  2^2
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M illip o re , e t c . ,  were opaque, which made i t  d i f f i c u l t  to get 
su itab le  p ictures of the aero so ls .  The s iz e  d is tr ib u tio n  of a sam­
ple c o llec ted  on a Teflon f i l t e r  for 1.5 minutes i s  given in 
Table V. The numbers in Table V may be somewhat misleading be­
cause of the coalescence of the aerosol during the process of 
c o l le c t io n .  The average s iz e  of the aerosols generated is  probably 
l e s s  than the 2 .5  sun indicated in Table V. The coalescence is  
dramatically indicated in Figure 9> which shows samples co llec ted  
for 3 ,  5 a°d 7 minutes and photographs of the aerosol taken at 
d ifferen t  locations on the f i l t e r .  The s iz e  of the aerosols  
generated is  important, e sp e c ia l ly  for tox ico lo g ic  studies  and there 
i s  need for further studies in th is  area. However, th is  work was 
primarily directed towards a n a ly tica l chem ists, who are in need 
o f  standard su lfu r ic  acid reference material for te s t in g  new methods 
developed and for interlaboratory and intralaboratory comparisons 
of an a ly tica l  techniques.
In order to determine the f e a s ib i l i t y  and r e l i a b i l i t y  of a 
new method for the determination of su lfu r ic  acid aeroso l'11 i t  was 
necessary to generate acid and e ither  c o l le c t  a sample which had 
an even d istr ib u tio n  of su lfu r ic  acid on the f i l t e r ' s  surface or to 
use two f i l t e r  holders, each f i l t e r  having the same amount of s u l­
furic  acid on i t s  surface a f te r  c o l le c t io n .  The samples could then 
be analyzed and a comparison of methods made for su lfu r ic  acid 
determ inations.
Data obtained using a k7  mm open-face f i l t e r  holder made of 
Teflon showed that the acid was not evenly d istr ibuted  on the
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Droplets Counted 'jo D istr ibution
0 .0  - 1.0 13
CO
1.0 - 2.0 113 31.3
2.0  - 3.0 126 33.9
3.0 - 3.0 y3 26.0




2 .3  um average s ize
Exclusive of second number
FIGURE 9 






dis tance from cen te r
2 Cm I Cm 0  Cm
C o ale sce nce  of Sulfuric Acid Aerosol
surface. Sulfuric  acid aerosol generated using the method describ  
ed in th is  chapter was c o llec ted  on Fluoropore f i l t e r s .  During 
c o l le c t io n ,th e  f i l t e r  holder was placed in  the hood behind the 
stack in  order to  sI titula te  the f ie ld  cond itions. The d istr ib u tio n  
of the acid was te sted  by p lacing two 15 mm ID p e tr i  dishes  
coated with PDA-Br s id e  by s id e  on the f i l t e r  media and d iffu s in g  
for 2 hours at 125 °C. The samples were then pyrolyzed and the 
amount o f su lfu r ic  acid determined. Table VI shows the r e su lts  
o f  th is  experiment. I t  i s  obvious that the amount o f  su lfu r ic  
acid reported on the f i l t e r  media depends upon the choice o f  
p etr i  dish A or B. Therefore, two open-face f i l t e r  holders 
13 mm ID were made. They were placed in  the hood s id e  by side  
and samples were c o l le c te d .  Separate rotameters and control 
valves were u t i l i z e d  in  order to insure equal flow through each 
f i l t e r .
Table VII shows the r e s u lt s  o f  the su lfu r ic  acid analyses.
One f i l t e r  was analyzed using the d if fu s io n  p yro lysis  method for 
su lfu r ic  acid while the other f i l t e r  was analyzed using the method 
developed by West e t  a l ,  £3. Table VIII shows the r e s u lt s  o f  
analyses using only the bromophenol blue method. The data in ­
d icate  that without any doubt the variance seen in  the amount 
o f  su lfu r ic  acid c o l le c te d  on each f i l t e r  holder for a particu lar  
run i s  accounted for by the normal p rec is io n  o f  the d iffu s io n  
pyrolysis  method. Table VII a lso  shows good corre la t ion  between 
the a n a ly tica l  methods when su lfu r ic  acid i s  c o l lec ted  exc lu sive ly
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TABLE VI
DISTRIBUTION OF SULFURIC ACID ON 1+7 rm  FLUOROPORE FILTERS 
USING AN OPEN FACE FILTER HOLDER
F i l t e r  Number P etr i  Dish
Total +xg 

















AMOUNT OF SULFURIC ACID AEROSOL COLLECTED USING TWIN FILTER HOLDERS
S am p le N o. F i l t e r  H o ld e r
UK S u l f u r i c  A c id  
D i f f u s i o n  B rom ophenol B lu e  











analyses of sulfuric acid aerosol samples collected using twin
FILTER HOLDERS BY THE BROMOPHENOL BLUE METHOD
S am ple F i l t e r  H o ld e r jig S u l f u r i c  A c id
1 A 35
B 3 8











I t  was therefore decided to use th is  system of f i l t e r  holders 
for c o l le c t io n  o f samples in  a chemical p lant. This would allow  
the comparison of the d iffu s io n  p yro lysis  and bromophenol blue methods. 
It  should be noted that the method of West and Chiang was modified by 
adding 1 ml o f isopropanol per 9 ml o f so lu t ion  in order to wet the 
Teflon f i l t e r s .  Sonication o f the f i l t e r  was avoided since i t  was 
shown that a lo ss  o f isopropanol occurred. This caused a decrease in 
a c id ity .
Thus, the su lfu r ic  acid aerosol generator proved to  be an in va l­
uable tool in the te s t in g  o f f i l t e r  holder systems and a new method 
for measuring su lfu r ic  acid aeroso l.  Table II  and I II  show the re­
s u l t s  o f determining su lfu r ic  acid aerosol on generated samples using  
the p y ro ly tic  methods. This data was used to make the ca lib ra tion  
curve for the m icrodiffusion of su lfu r ic  acid aerosol from Fluoropore 
f i l t e r s .
F. Conclusion
A method has been developed for  the production of standard s u l­
furic  acid a ero so l ,  using a generator which i s  simple, r e l ia b le  and 
v e r s a t i l e .  The aerosol i s  generated in a manner sim ilar to i t s  pro­
duction in the environment, i . e . ,  combustion o f  sulfur-contain ing  
compounds.
This method o f  generation o f  su lfu r ic  acid aerosol has the 
unique cap ab ility  o f preparing r e a l i s t i c  standard p art icu la te  sam­
ples  containing known amounts of su lfu r ic  acid together with con tro l­
led amounts of soot and/or metal oxides. This can be very valuable
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for  in ter-laboratory and in tr-laboratory  comparison of a n a ly tica l  
techniques and for v er ify in g  new a n a ly tica l  methods developed for the 
determination o f su lfu r ic  acid aeroso l.  It should a lso  be helpful 
in simulating complex atmospheres containing so o t ,  metal p a r t ic u la te s ,  
acid a ero so ls ,  and gaseous p o llu ta n ts ,  as t e s t  atmospheres for use in 
t o x ic o lo g ic a l , in d u str ia l  hygiene and a ir  p o llu tion  s tu d ies .
PART 111
MEASUREMENT OF SULFURIC ACID AEROSOL
6?
CHAPTER IV
A COMPARISON OF METHODS FOR THE DETERMINATION 
OF SULFURIC ACID AEROSOL 
The awareness o f  su lfu r ic  acid aerosol as a pollu tant has 
occurred in  recent years .  I t s  to x ic  and corrosive nature make i t  
one of the most s ig n if ic a n t  po llu tants  to man. Thus, several  
methods for i t s  determination have recently  been developed.
I t  i s  e s s e n t ia l  to have proper c o l le c t io n  and separation o f  
su lfu r ic  acid aerosol from other su lfa te  species  when determining 
the acid . This chapter d iscu sses  some o f  the problems 
associated  with the c o l le c t io n ,  separation and determination of  
s u lfu r ic  acid aeroso l.
In Chapter III  i t  was shown that f i l t e r  e f f ic ie n c y  varies  
s ig n i f ic a n t ly .  MF-Millipore (HA) f i l t e r s  o f  0.^5 m̂ pore s iz e  and 
Fluoropore f i l t e r s  o f  0 .5  pore s iz e  are nearly twice as e f f i c i e n t
as Mitex o f 5 pore s iz e .  The f i l t e r  e f f ic ie n c y  o f impregnated 
g lass  f ib er  f i l t e r s  w i l l  be discussed in Chapter V. It w i l l  be 
shown that the impregnated f i l t e r  i s  much more e f f i c i e n t  for su l ­
fu r ic  acid and sodium s u lfa te  than Fluoropore f i l t e r s .  Thus the 
f i l t e r  used in c o l le c t in g  an a ir  sample is  very important. Erroneous 
data on ambient a ir  le v e ls  o f  su lfu r ic  acid and t o ta l  s u lfa te  could 
e a s i ly  be obtained by using an in e f f i c i e n t  f i l t e r .
Once the sample i s  c o l lec ted  on a f i l t e r ,  the problem of  
separating su lfu r ic  acid aerosol from other su lfa te  species  must be 
considered. S e le c t iv e  ex traction  of su lfu r ic  acid aerosol by 
isopropanol has been suggested by Barton and McAdie.53
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Maddalone has shown by use of radiotracers that isopropanol i s  
not s e le c t iv e  for extracting  the a c id . 19 Leahy, e t  a l . ,  have 
suggested benzaldehyde as a s e le c t iv e  extractant for su lfu r ic  
acid . 54 In th is  chapter i t  w i l l  be shown that benzaldehyde i s  
not s e le c t iv e .  I t  not only extracted su lfu r ic  acid but a lso  
hydrogen s u lfa te s .
The separation o f su lfu r ic  acid aerosol from other su lfa te  
species  using m icrodiffusion has been proposed by Dubois, e t  a l . 3t  
The process of m icrodiffusion from various fiL ters has been inves­
tigated  thoroughly.19 Although sample preparation is  tedious and 
time consuming, the method i s  s e le c t iv e  and y ie ld s  net su lfu r ic  acid.
The determination o f  su lfu r ic  acid aerosol by proton and 
su lfa te  methods was discussed in  Chapter I I .  Without proper 
separation o f  su lfu r ic  acid aerosol from other su lfa te  and ac id ic  
sp ec ie s ,  the methods can only g ive  t o t a l  ac id ity  or s u lfa te .  Thus, 
separation i s  very important but without a method for  
determination that i s  simple and r e l ia b le ,  the data obtained 
may be w orthless . Some o f  the methods for the determination of  
su lfu r ic  acid aerosol are described below. A comparison o f  the 
various methods w i l l  be discussed in  d e t a i l .
A ring oven method for the determination of su lfu r ic  acid 
aerosol has been proposed by West, et a l .  37 In th is  method samples 
are co llec ted  on f i l t e r  tapes. The sample was placed on the ring 
oven and in the presence o f bromide and bromate the stoichiom etric  
l ib eration  of bromine was achieved by the aerosol protons. 
Bromination o f  f lu oresce in  occurred to y ie ld  eosin . Standards were
6 6
e a s i ly  made and the amount o f  acid in  the sample was determined 
by comparing the co lor  In ten s ity  o f  the eosin .
Another proton method proposed by West, e t  a l . ,  was based upon 
the displacement o f  the equilibrium of the acid base indicator  
bromophenol b lu e 33 This spectrophotometric method was simple and of 
low c o s t .  Like other proton methods i t  was not s p e c i f ic  for s u l ­
furic  acid aeroso l.
Sulfate  methods include the barium ch lo ra n ila te  method. 33 
This in d irect  method i s  based on the spectrophotometric measure­
ment o f  the ch lo ra n ila te  ion  formed by the reaction  o f  su lfa te  
with barium ch lo ra n ila te .  The method i s  rather simple y e t  i t  i s  
very pH dependent and has many io n ic  in ter feren ces .
The determination of su lfu r ic  acid aerosol by the thermal 
reduction o f perimidylammonium s u l f a t e 41 i s  based upon the reaction  
shown in  Figure 10. This i s  a simple, r e l ia b le  and rapid method.
I t  i s  in te r e s t in g  to note that the su lfa te  conversion to sulfur  
dioxide i s  100 percent in the 1 to  50 range. This method 
w i l l  be discussed further in  Chapter V.
A. Experimental
Apparatus and Materials
Refer to  Chapter I I I .  A d d i t io n a l  i tems fo l low :
Ring Oven with a ccessor ies:  Arthur H. Thomas Co., Trace Oven
Surface thermometer 
Micropipets, assorted  
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Refer to Chapter I I I .  Additional reagents follow:
Sulfuric  acid: 0.1251 N standard so lu tion , Kem-Tech
Laboratories, In c .,  Baton Rouge, Louisiana. A 100 ppm 
su lfu r ic  acid was prepared. D ilu tions were made to 
prepare standard working so lu tions used in  the ring oven 
method.
Potassium bromide: 1*0 percent (w/v)
Potassium bromate: 1*0 percent (w/v)
Fluorescein: 0 .2  percent and 0.05 percent (w/v)
Sodium su lfa te :  1 U-g/ml so lu tion
Amnonium b isu lfa te :  1 ug/ml so lu tion  
Procedure
Generation o f  Samples:4^
Unless otherwise indicated , generated su lfu r ic  acid aerosol  
samples were prepared according to the procedure outlined in  
Chapter I I I .  Flow rates , feed so lu tion  concentrations and 
c o l le c t io n  time were parameters e a s i ly  changed in  order to 
give d ifferen t  amounts o f  acid c o l le c te d .  All samples used in 
the comparison o f  methods were generated.
Extraction:
In order to t e s t  the f e a s ib i l i t y  o f using benzaldehyde as 
a s e le c t iv e  extractant for su lfu r ic  acid aerosol a modified 
extraction  pyrolysis  method was used. See Chapter I I I .
Samples were prepared by adding 10 *il o f  a 1 M-g/ml 
su lfa te  so lu t ion  e ither as su lfu r ic  acid, sodium su lfa te ,
TO
anraonium su lfa te  or ammonium b is u l fa te  to one h a lf  o f  a 
Fluoropore f i l t e r .  The Fluoropore f i l t e r s  were on a Teflon  
block. The f i l t e r s  and Teflon block were placed in  the oven 
at 80 °C in  order to evaporate the so lv en t .  Once the solvent  
had evaporated, the samples were removed from the oven and the 
excess f i l t e r  was cut away. The sample spot was then placed 
in  a 10 ml beaker. Fluoropore blanks were treated id e n t ic a l ly .
Two m i l l i l i t e r s  of benzaldehyde were added to each beaker. 
The samples were sonicated for approximately 3 minutes. Five 
tenths m i l l i l i t e r  of each sample was pipeted and placed in I 3 mm 
X I 5 mm ID dishes containing 25Q u,l o f  0 .5  percent PDA-Br. The 
dishes were placed in a vacuum desiccator at 100°C and the s o l ­
vent was removed by use of a water asp irator . This process 
took approximately 3 hours. Samples were then d irec t ly  
pyrolyzed and the amount o f su lfa te  present determined accord­
ing to the procedure outlined in Chapter I I I .
Bromophenol Blue^3 vs D i f f u s i o n  P y r o l y s i s  Method 41
Ten samples were co lle c te d  for 5 minutes each on Fluoropore f i l ­
te r s .  A flow rate of 11 1/min was maintained during c o l le c t io n .  Five 
were analyzed according to the bromophenol blue indicator method 
and f iv e  by the d if fu s io n  p yro lysis  method. Both methods are 
described in  Chapter I I I .  The bromophenol blue method was modi­
fied by using a 10 percent isopropanol so lu t ion  for washing the 
Teflon f i l t e r s .
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Barium C hloranilate33 vs D iffu sion  Pyrolvals Method 41
Ten samples were co llec ted  on Fluoropore or Mitex f i l t e r s .
Flow ra tes ,  concentrations o f feed so lu t io n  and times were varied 
in order to  obtain desired amounts o f  ac id . Five samples were 
analyzed according to the barium ch lo ra n ila te  method and f iv e  were 
analyzed according to the d iffu s io n  p yro lysis  method. Both methods 
are described in  Chapter I I I .
Ring Oven 57 vs Bromophenol Blue Method g3
Ten samples were co llec ted  on Whatman h i  f i l t e r  tapes using 
the Gelman tape sampler. Samples were c o llec ted  for Lp minutes.
A flow rate o f  16 l/min was maintained throughout the c o l le c t io n  
process. Each sample spot was cut from the excess tape and placed 
in  a 10 ml beaker. Odd numbered samples were analyzed by the 
ring oven method and even numbered samples by the bromophenol blue  
method.
One m i l l i l i t e r  of deionized water was added to each beaker con­
taining a ring oven sample. The samples were then sonicated for 
approximately 2 minutes ju st  prior to  the ring oven work. Depend­
ing upon the concentration o f  su lfu r ic  acid in  each sample, e ither  
30, hO or 50 M-l of the sample were added to the center o f  a Whatman 
h i f i l t e r  placed on the ring oven. The f i l t e r  had a barrier ring 
o f  22 mm diameter. The heated surface o f  the ring oven was main­
tained at 90 °c « A hair dryer was used to dry the sample spot a fter  
the addition of a l l  so lu t ion s. Thirty m icro liters  of hO percent pot­
assium bromide were added d irec t ly  to the center of the sample spot 
followed by the addition of 10 p,l of aqueous O.O5 percent sodium
7 2
f lu o re sce in .  Thirty m icro liters  of a It.G percent potassium bromate 
so lu tion  were then added and the f i l t e r  was allowed to dry. Methanol 
was then added to the center of the f i l t e r  to  wash the eosin  to 
the ring zone. The f i l t e r  was dried with the aid of a hair dryer 
and I 5 of potassium bromide and potassium bromate were added to 
the center of the f i l t e r .  Deionized water was used to wash the 
bromate and bromide to the ring zone. After drying the f i l t e r s ,  the 
samples were compared to standard rings made by adding appropriate 
amounts of acid and analyzing as described above. Samples were 
run in t r ip l i c a t e .
The remaining f iv e  samples were analyzed by the bromophenol 
blue method. Approximately ml of deionized water was added to 
each beaker. They were sonicated for 3 minutes and poured into  
5 ml volumetric f la sk s  containing 0 .3  ml o f a 0.05 percent 
bromophenol blue so lu t io n . The f i l t e r s  were washed with deionized  
water twice. The washings were added to  the appropriate volumetric 
f lasks and diluted to the mark. Absorbance readings were taken 
at 587 nm and the amount o f acid present determined from a 
ca lib ra tion  curve.
B. Results and Discussion
Extrac t ion
The extraction  pyrolysis  method for su lfa te s  was very time 
consuming and messy. Three hours were required to remove 0 .5  ml of 
benzaldehyde. Since th is  time was too long, an attempt was made
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to speed the evaporation process by Increasing the vacuum and/or 
temperature but the b o il in g  of the benzaldehyde caused a lo ss  of 
sample. The method was messy because large amounts of benzoic acid 
c r y s ta l l iz e d  on the inside surfaces o f  the des iccator  and p etr i  d ishes .  
The benzoic acid was formed from the oxidation of benzaldehyde and i t  
did not in terfere  with the West-Gaeke procedure.
During the pyrolysis  step large amounts of organic debris formed. 
Ten seconds a f te r  in jec tin g  the sample into  the hot zone o f the oven, 
smoke started to evolve. The amount of smoke decreased u n t i l  
seconds had elapsed at which time the amount Increased for another 20 
seconds. After 70 seconds there was very l i t t l e  smoke. The i n i t i a l  
smoke was from oxidation products of benzaldehyde and any other non­
v o la t i l e  organic impurities in the benzaldehyde. As reported by 
Maddalone, et a l . , 52 (PDAj^SC  ̂ decomposed to y ie ld  su lfur dioxide  
and organic debris a f te r  30-^5 seconds of heating at 500°C and lasted  
for 30 seconds a f te r  the decomposition s ta r ted .  This explains the 
increase in smoke which occurred a f te r  iO seconds of heating.
Leahy, et a l . , 54 reported that su lfu r ic  acid was not 
extracted by benzaldehyde from Fluoropore f i l t e r s  at the 
l e v e l .  Our resu lts  indicated that approximately 78 percent of the 
acid was extracted at the 10 ug lev e l  with a r e la t iv e  standard 
d eviation  of I 5 percent. Leahy, et a l . ,  54 attributed  the 
lo ss  of su lfuric  acid to reaction with the polyethylene backing
on the f i l t e r .  This i s  unlikely  since Maddalone, e t  a l .  ,39 have
7 ^
shown that above 5 u,g of su l furic  acid only I 5 percent of the acid 
was lo s t  during microdiffusion at 125°C from Fluoropore f i l t e r s .
Leahy, et a l , , 54 dried the ir  samples at 1105C which indicates that 
their  loss  of acid was not due to the reaction of  acid with the poly­
ethylene backing since Maddalone observed a small loss  at 125°C.
A benzaldehyde extraction procedure for the sp e c i f i c  determina­
t ion of su l fur ic  acid aerosol was reported by Leahy, et  a l . SA Their 
data indicated at the 25O p,g leve l  of su l fa te  that benzaldehyde 
extracted only su lfur ic  acid leaving behind sodium b isu l fa te .  The 
data shown in Table IX c lea r ly  shows that b i su l fa te  was extracted and 
would give a large interference in a su lfuric  acid aerosol determina­
t ion .
Although benzaldehyde did not extract  su l fa te s  other than su l fur­
ic  acid i t  did extract  b i su l fa te s  and i t  i s  not recommended for use in 
the s p e c i f ic  determination of su lfur ic  acid aerosol.  The extract ion of 
b isu l fa te  and su lfur ic  acid by benzaldehyde indicated that the proton 
plays an important role  in the extraction process.  The mechanism 
of extraction warrants further invest igat ion .
Bromophenol Blueg3 vs Diffusion Pyrolys is  Method*
The comparison of two an a ly t ica l  methods for the determination 
of sulfuric  acid aerosol should be done using samples containing the 
same amount of acid. This was e a s i ly  done with the bromophenol 
blue and d if fus ion  pyrolysis  methods since the working ranges overlap­
ped. The suggested working range for the bromophenol blue method was 
10 - 50 1Lg su lfuric  acid and 5 - $0 Hg su lfur ic  acid for the d iffus ion
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TABLE IX
EXTRACTION OF SULFURIC ACID, SODIUM SULFATE, AMMONIUM SULFATE AND 
AMMONIUM BISULFATE FROM FLUOROPORE FILTERS BY BENZALDEHYDE
Substance
(10 ng as SO4=) $ Extracted






Table X shows the results of analyses of generated samples 
containing the same amount of sulfuric acid aerosol.
Although the diffusion pyrolysis method was more precise than the 
bromophenol blue method,the procedurewas much more tedious and time 
consuming. These disadvantages were offset by the specificity of 
the method. The microdiffusion step allowed only sulfuric acid to 
react with the PDA-Br coated dishes whereas the bromophenol blue 
method was strictly a proton method. In Chapter V it will be shown 
that quantitative destruction of acid can occur due to its reaction 
with co-existing pollutants.
Fluoropore filters created problems for both methods of determina­
tion of sulfuric acid aerosol. Since the filters are hydrophobic it 
was difficult to extract the acid with water. This problem was overcome 
by adding isopropanol to the extractant. The isopropanol wetted the 
filter and aided in the removal of sulfuric acid aerosol from the 
surface of the filter. The isopropanol did cause a change in the 
calibration curve and had to be held at a constant concentration, i.e., 
10$. Steps had to be taken to avoid loss of isopropanol. As men­
tioned in Chapter III sonication of the samples was eliminated since 
it resulted in a loss of isopropanol.
During the microdiffusion of sulfuric acid from Fluoropore 
filters, the filters tended to curl, sometimes resulting in the dis­
placement of a petri dish from over the sample spot. This problem 
was overcome by taping the filters to the Teflon block with trans­
parent tape. Fluoropore filters were difficult to work with because
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TABLE X
ANALYSES OF SAMPLES BY THE BROMOPHENOL BLUE AND DIFFUSION PYROLYSIS
METHODS
Bromophenol Blue Method 
p,g Sulfuric  Acid Collected
Diffusion Pyrolys is  Method 





37 + 16#* 35-^
32.3 + 5 .3#*
R e la t iv e  Standard D ev ia t io n
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they e a s i l y  obtained an e l e c t r o s t a t i c  charge. This problem was very 
apparent when storing samples in Milllpore P e tr i s l id e s  and during 
transferance to the Teflon block for microdiffusion.
Barium Chloraniiate33 vs Dif fusion Pyrolysis  Method 41
The working range for the barium chlorani la te  method for the 
determination of su l fu r ic  acid aerosolwas 10-1003 ug. This large 
range was obtained by reading the absorbance at 310 nm for 0-10 ppm 
so lut ions  and at 53O nm for 10-100 ppm so lut ions .
The method was not as tedious as the d if fus ion  pyrolysis  method 
although technician t i m e r s  approximately the same. The hydro- 
phobic f i l t e r  problem was overcome since an 80^ isopropanol solut ion  
was used to wash the f i l t e r s .
Table XI shows the r esu l t s  of the determination of su lfur ic  
acid aerosol in samples containing the same amount of acid .  The 
dif fu s ion  pyrolysis  method was more precise than the barium chlora­
n i la te  method but as indicated in Table XI had the disadvantage of 
non-quantitative d i f fu s io n .  This problem was overcome by ca l ibrating  
the system as indicated In Chapter I I I .  The most important advantage 
of the d i f fus ion  pyrolysis  method was i t s  s p e c i f i c i t y  for su lfur ic  
acid. The barium ch lorani la te  method was a to ta l  su l fa te  method.
When su l fu r ic  acid aerosolwas co l lec ted  exc lus ive ly  (generated 
samples) the method was simple and r e l ia b le .  The barium chloroani-  
la te  should be stored in an amber b o t t l e  inside a desiccator in order 
to avoid decomposition and d is so c ia t io n .  PDA-Br should be stored in 
an amber bott le  and recr y s ta l l i z e d  every 2-3 weeks.
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TABLE XI
ANALYSES OF SAMPLES BY THE BARIUM CHLORANILATE AND DIFFUSION
PYROLYSIS METHODS
Barium Chloranilate Method Diffus ion Pyrolysis  Method
9.8  + I 5/0 * 7.1 + 8 .1$  *
59 + 7 .0$ * 50.14 + 2 . 6f  *
R e la t iv e  Standard D e v ia t io n
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Ring Qveng7 vs Bromophenol Blue Method 23
Unti l  th is  point the comparision of ana ly t ica l  methods for the 
determination of su l fur ic  acid aerosol has been made with methods 
having s im ilar  working ranges. Here a comparison of the ring 
oven method, that has a working range of 0 - 2 ijg su lfur ic  acid,  is  
made with the bromophenol blue method. As stated previously,  the 
working range for the bromophenol blue method i s  10 - 50 n,g sulfuric  
ac i d .
In order to compare the methods ten samples were co l lec ted  
containing the same amounts of acid. The ent ire  sample was used in 
the bromophenol blue method whereas only aliquots  of the ring oven 
samples were used in the analyses. This caused nonreproducibility  
in the ring oven method due to nonhomogeneity of the sample and 
small errors which became very s ig n i f ic a n t  s ince they were multiplied  
by a large factor to give the to ta l  amount of acid co l le c te d .  In 
the ring oven method t r i p l i c a t e  runs were made on each of  the f ive  
samples co l le c ted .  A variance of up to 0 .9  \ig between supposedly 
ident ica l  samples in the 0 ,5  - 2 pg range was observed. Since three 
people were used to compare developed samples to standard r ings ,  the 
variance could be due to personal color judgments. The net increase 
in color in tens i ty  with increase in concentration from 0.5  " 2 wg 
su l fur ic  acid was very small.  There was a noticeable difference  
between 0 .5  and 2 pg su l fur ic  acid standard rings but developed 
rings 0 .5  pg apart were almost indist inguishable .
Table XII shows the resu lts  of  analyses of the su lfuric  acid 
samples. Obviously the ring oven methodwas le s s  precise than the
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TABLE XII
ANALYSES OF SAMPLES BY THE RING OVEN AND BROMOPHENOL BLUE METHODS
*Ring Oven Method 









26 + h(4> **
15
18 + 15<jo **
* Each number Is an average of  nine readings, i . e . ,  three people 
reading t r i p l i c a t e  samples.
** Relative Standard Deviation Expressed
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bromophenol blue method. This disadvantage is overcome by shorter 
collection times, i.e., 0 .5  pg sulfuric acid can be determined 
whereas 10 pg acid are required for the bromophenol blue method.
Both methods required approximately 10 minutes technician time per 
sample and were proton methods as outlined here.
C. Conclusion
Previously the measurement of sulfuric acid aerosol in the 
ambient atmosphere required prior separation of the acid from other 
sulfate and acidic species. In Chapter V a method is discussed 
which eliminated the separation step, and the inherent problem of 
sulfuric acid reacting with incompatible co-pollutants.
Without any question, microdiffusion was better than extraction for 
the separation of sulfuric acid aerosol from other bisulfate and sul­
fate species. It has been shown that isopropanol and benzaldehyde 
not only extract sulfuric acid but bisulfates also. Due to the 
loss of sulfuric acid during microdiffusion by its topochemical reac­
tion with metal oxides, which is discussed in Chapter V, and the poor 
selectivity of benzaldehyde, neither separation method is recommended.
The diffusion pyrolysis method for the determination of sulfuric 
acid utilized the microdiffusion technique. This method had good 
sensitivity and the working range was large, but the microdiffusion step 
invalidated the method. As mentioned previously, quantitative destruc­
tion of sulfuric acid can occur because of its reaction with co-existing 
pollutants. Its precision was better than the other methods discussed 
in this chapter and technician time was comparable.
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It  should be noted that the choice of a method for the determi­
nation of su lfur ic  acid depends upon several  fa c to r s ,  i . e . ,  prec i ­
sion required, time and equipment ava i lab le .  For example, the ring  
oven method o f fer s  the advantage of  small samples (0 .5  - 2|j,g) but 
has the disadvantage of poor precis ion .  It  requires no prior separa­
t ion of  su l fur ic  acid .  The bromophenol blue and barium chlorani la te  
methods require approximately the same amount of  acid but the barium 
chlorinate  method i s  more prec ise .  Without prior separation of  
su l fu r ic  acid these two methods can only give net a c id i ty  (bromophe­
nol blue method) or t o ta l  su l fa te  (barium ch loron i la te  method). Thus 
the choice of  a method for the determination of  su l fu r ic  acid aerosol i s  
l e f tu p t o  the d iscre t ion  of  the chemist. His dec is ion  w i l l  d ic ta te  
the v a l id i ty  of  the data obtained for concentrations of su l fur ic  acid 
aerosol  in the ambient atmosphere.
CHAPTER V
THE MEASUREMENT OF SULFURIC ACID AEROSOL AND THE TOTAL SULFATE
CONTENT OF THE AMBIENT AIR 
A novel method has been developed for the c o l l e c t i o n ,  s t a b i l i z a ­
t ion and determination of  su l furic  acid aerosol .  Previous methods 
have suffered from errors inherent in the sampling step whereby co­
e x i s t in g  pollutants  such as Fe^03 , Al^03 and PbO reacted with the 
acid ,  thus neutraliz ing  at least  part of i t  to form s a l t s .  In the 
ambient atmosphere, antagonists can c o -e x is t  because of the great  
d i lu t io n  of  the system. Sampling and concentrating the system have 
been req u is i te s  in a l l  su l fur ic  acid aerosol s tudies  to date and the 
resultant intimate mixing of concentrated pollutants  has led to sample 
d is to r t io n .  The new method u t i l i z e d  the topochemical reaction of the 
acid droplets with f i l t e r s  coated with perimidylammonium bromide.
The reaction to form the stable  perimidylammonium su l fa te  was essen­
t i a l l y  instantaneous and thus inhibited  any react ion between the acid 
aerosol and co l lec ted  co-pol lu tants .  Salts  of su l fu r ic  acid did not 
in ter fere  because as s o l i d s ,  they did not undergo topochemical reac­
t io n s .  However, s a l t s  could be Included by a simple modification in 
the procedure to provide values for to ta l  su l fa te  as well  as for acid 
s u l f a t e .
A review of methods for sampling, separation and determination 
of su l fur ic  acid aerosol has recently been reported by Dharmarajan 
et a l .  55 The determination of to ta l  su l fa te  can be done by several  
dif feren t  methods33*34*35*36. Maddalone, et  a l . ,  has proposed a sul-
8k
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fate  method based upon the thermal reduction of  perimidylammonium 
s u l f a t e , 52  This method offered good s e n s i t i v i t y  and r e l i a b i l i t y .
When combined with a c o l l e c t io n  procedure which s ta b i l i zed  the 
sulfuric  acid aeroso l ,  the thermal reduction method would be superior  
to any other method reported to date.  Methods for the c o l l e c t io n ,  
s ta b i l i z a t io n  and determination of t o t a l  su l fa te  are now proposed.
The methods were based upon the reaction of su l fa te  with perimidyl­
ammonium bromide, PDA-Br,52 to y ie ld  perimidylammonium s u l fa te ,  
(PDA)pS04 , which undergoes thermal reduction at 500°C> to y ie ld  s u l ­
fur dioxide which was e a s i ly  determined by using the West-Gaeke pro­
cedure40. No separation of su l fur ic  acid aerosol from other su l fa te  
species  was necessary for a su l fur ic  acid aerosol determination. The 
c r i t i c a l  feature of  the process was the s ta b i l i z a t io n  of su l fur ic  acid 
at the moment of sample c o l l e c t i o n ,  whereby i t s  reaction with c o - e x i s t ­
ing pollutants  was inhibited.
An air  sample was co l lec ted  on two PDA-Br impregnated g lass  f iber  
f i l t e r s  using open face f i l t e r  holders placed side by s id e .  One 
f i l t e r  was d ir ec t ly  pyrolyzed52 and the other was treated with PDA-Br 
in methanol followed by pyrolysis .  The sulfur dioxide evolved during 
the pyrolysis  of the f i r s t  f i l t e r  was only due to the presence of 
su lfur ic  acid aerosol .  Upon addition of reagent solut ion to the se ­
cond f i l t e r ,  su l fa te  s a l t s  d isso lved ,  ionized,  and preciptated as 
(PDA)£S04 which was Indistinguishable from the (PDA)^S04 formed by the 
topochemical react ion of  su l fur ic  acid with PDA-Br during c o l l e c t io n .  
Thus, the su lfate  regardless of o r ig in ,  reacted with reagent to pro­




Refer to Chapters III and IV.
Gelman Spectro Grade Type A glass fiber filters were used for 
impregnation.
Reagents
Refer to Chapters III and IV.
Procedure
Gelman Spectro Grade Type A g lass  f iber  f i l t e r s  were impregnated 
by immersion in 10 ml of 1.8 percent PDA-Br in  methanol. The f i l t e r  
was cut so that i t  just  f i t  inside a 100 mm petr i  dish and a f ter  5 
minutes, the dish and f i l t e r  were placed in an oven at 80JC to evapo­
rate the methanol. Once the solvent had evaporated, the f i l t e r  was 
cut into an appropriate s iz e  for sampling. A 16 mm diameter cork borer 
was used for cutt ing  out f i l t e r s  for our work. The f i l t e r  d iscs  were 
placed in two l j  mm diameter open face f i l t e r  holders and samples were 
co l lec ted .  The same volume of a ir  was pulled through each f i l t e r  
by maintaining the same rotameter reading following each f i l t e r .
After the samples had been co l l e c t e d ,  one of the f i l t e r s  was re­
moved, pyrolyzed and the resultant sulfur dioxide trapped in 10 ml of
0.1 M sodium tetrachloromercurate ( I I ).  The second f i l t e r  was removed 
and placed in a 5 mm X 20 mm ID petri  dish. Two hundred m icro l i ters  
of 0 .5  percent PDA-Br solut ion were added to  the center of the f i l t e r .  
The sample was allowed to stand for 5 minutes and then placed in the 
oven at 80 '’C u n t i l  a l l  the methanol had evaporated. The dish and
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f i l t e r  were then removed, pyrolyzed for 3 min. and the resultant  
sulfur dioxide was determined by using the West-Gaeke procedure.40 
From the sulfur dioxide evolved from the respective f i l t e r s  su lfur ic  
acid and the t o ta l  su l fa te  were calculated.
The sulfur dioxide obtained from direct  pyrolysis  was due s o le ly  
to su lfur ic  acid aerosol .  The second sample gave t o ta l  su l fa te  since  
the added PDA-Br in so lut ion insured complete prec ip ita t ion  of  the 
s a l t s  which were not Included in the topochemical react ion of the 
droplets of the su l fur ic  acid with PDA-Br.
Generated samples were prepared by using the generator described 
in Chapter I I I .  Flow ra te s ,  feed so lut ion  concentrations, and c o l l e c ­
t ion times were varied in order to c o l l e c t  the desired amount of sample.
B. RESULTS AND DISCUSSION
In order to t e s t  the f e a s i b i l i t y  of using PDA-Br impregnated 
glass  f iber  f i l t e r s  i t  was f i r s t  necessary to determine the percent­
age recovery of su l fur ic  acid and other su l fa tes  from the f i l t e r s .
This was accomplished by spiking impregnated f i l t e r s  with 10 ng 
amounts of su l fa te  as su lfuric  acid and sodium s u l f a t e ,  respect ive ly .  
Additional PDA-Br was added to each sample followed by pyrolys is .
Results show that 101 percent of the su lfur ic  acid was recovered 
while y7 percent of the sodium su l fa te  was recovered. Thus, none 
of the su l fa te  and/or sulfur dioxide produced during thermal decom­
posit ion  was sesquestered within the f i l t e r .
The optimization of PDA-Br impregnation was accomplished by 
adding various amounts of  the reagent to f i l t e r s  followed by c o l l e c ­
t ion  of a standard amount of  generated su lfur ic  acid aerosol .  Samples
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were co l lec ted  in the Gelman tape sampler described in Chapter I I I .
The co l lec ted  su lfur ic  acid was then determined to es tab l i sh  the 
l e v e l  of impregnation required for maximum f iLter  e f f i c i e n c y  without 
introducing a subsequent large amount of  organic debris produced dur­
ing the f in a l  pyrolysis  of the f i l t e r s .  See Table XIII.
A comparison of  the e f f i c i e n c y  of impregnated and non-impregnated 
glass  f iber f i l t e r s  was made. The impregnated f i l t e r s  were approxi­
mately 25 percent more e f f i c i e n t  than the non-impregnated. This was 
probably due mainly to the s ta b i l i z a t io n  of su l fu r ic  acid aerosol by 
PDA-Br although reduction in pore s ize  and the coating of  the alkal ine  
s i t e s  of the glass  f iber f i l t e r s  may a lso  have contributed s ig n i f i c a n t ­
ly .
Table XIV c lea r ly  shows that the impregnated glass  f iber  f i l t e r s  
are much more e f f i c i e n t  than Fluoropore f i l t e r s  which previously  
had been shown to be one of the most e f f i c i e n t  for sampling the acid 
aeroso l56. In each group the same amount of  a ir  was pulled through 
both f i l t e r s .  Thus, i f  the f i l t e r  e f f i c i e n c i e s  were id e n t ica l ,  both 
f i l t e r s  would contain the same amount of  generated acid. The in ­
creased e f f i c i e n cy  of impregnated glass  f iber  f i l t e r s  w i l l  aid the 
chemist in obtaining ambient concentrations that approach true values.
A study of  the recovery of  sulfuric  acid aerosol in direct  
pyrolysis  was performed. Ten generated su l fur ic  acid aerosol samples 
were co l le c te d .  Five were d irec t ly  pyrolyzed and the other f ive  were 
treated with solut ions  of addition reagent and used for to ta l  su l fa te  
determinations. By comparing the t o ta l  su l fa te  content ( su lfur ic  acid 
content) and the amount of su l fur ic  acid calculated from direct  pyroly-
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TABLE XIII
OPTIMIZATION OF PDA-Br IMPREGNATION
Grams PDA-Br 
Per 100 mm F i l t e r *p,g Sulfuric Acid Collected
.06 l i t . 6 + l . o
.12 19.8 + 1. it
I— CD 23.8 + 1.6
.2h 20.0 + 2.0
.36 21.5 + 0 .8
* t r i p l i c a t e  samples
TABLE XIV
FILTER EFFICIENCY OF IMPREGNATED GLASS FIBER FILTERS
COMPARED TO FLUOROPORE
Group Fluoropore 
^g Sulfuric  Acid 
Collected
Impregnated Glass 
Fiber F i l t e r s  
Sulfuric  Acid 
Collected
Relat ive  
Eff ic iency 
(percent)
1 3.0 6.3 110
2 i t.it 7 .6 73
3 i t.it 7-9 80
it 3.6 6 . 9 91
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s i s ,  the percentage of the su l fu r ic  acid aerosol that reacted topo- 
chemically to form (PDA)2S04 could be ca lculated.
Tables XV and XVI give the r esu lt s  of th is  study. I t  i s  very 
important to note the exce l len t  recovery o f  9ulfuric  acid aerosol  
below 5 M<g. In microdif fu s io n , recoverywaB very poor at th is  l e v e l . 41 
An average of  96 +, 5 percent recovery was obtained for su l fur ic  acid 
aerosol over the O.5 to 78 n-g range. To check on poss ible  in ter fe r ­
ences due to su l fa te  s a l t s ,  sodium su l fa te  was se lected  for study as 
a typical  example. Upon d irect  pyrolysis  of Impregnated f i l t e r s  to 
which more than 1000 \ig of powdered sodium su l fa te  had been added , 
none indicated any in terference .  Therefore, su l fu r ic  acid aerosol  
values can be calculated from the amount of  sulfur dioxide evolved by 
direct  pyrolysis  of impregnated f i l t e r s :
M-g H2S04 = M-g S02 evolved x —
SO2
Total su l fa te  was due to su l fa te  from su l fur ic  acid plus su l fa te  
derived from i t s  s a l t s ,  e . g . ,  sodium s u l f a t e ,  zinc s u l f a t e ,  ammonium 
s u l f a t e ,  e tc .  Samples on Impregnated f i l t e r s  were treated (moistened) 
with addit ional  PDA-Br solut ion to y ie ld  su l fa te  ions from a l l  su l fa te -  
containing spec ies .  Thus, the (PDAj^SC  ̂ formed represented to ta l  s u l ­
fate  s a l t s .  Pyrolysis  therefore yielded sulfur dioxide as a measure 
of to ta l  su l fa te ,
— SO ~ug to ta l  S04 = ug S02 x — ■ 4
Calculation of su l fa te  s a l t s  can be made by expressing the 
resu l t s  of both su lfur ic  acid and the t o t a l  su l fa te  in terms of  
su l fa te  (or any other lo g ic a l  common form) and calcu lat ing  the s a l t
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TABLE XV
RELATIVE STANDARD DEVIATION OF DIRECT 
PYROLYSIS ANALYSIS OF GENERATED AEROSOL SAMPLES
p,g Sulfuric  Acid Relative Standard Deviation (fo)







RELATIVE STANDARD DEVIATION OF TOTAL SULFATE ANALYSIS 
OF GENERATED SULFURIC ACID AEROSOL SAMPLES














values from the d i f feren ce ,  e .g .  ,
ug su l fa te  s a l t ,  as S04= = ug t o ta l  S04“ - ug S04 from HPS04
Table XVII shows the detection l im its  for the direct  pyrolysis  
( su l fu r ic  acid) and t o ta l  su l fa te  methods. A detection limit  of 
0-5 uS su l fa te  was obtained for both methods.
Although the detect ion  l im its  were low enough that small a ir  sam­
ples  could be c o l l e c t e d ,  topochemical react ions between sulfuric  
acid and other species  were s t i l l  poss ib le .  The react ion of s u l ­
furic  acid aerosol  with other basic specieswas inevitable  unless the 
acid could be s ta b i l i z e d  immediately upon c o l l e c t io n .
In order to show that topochemical react ions have presented 
problems in the past in the determination of su lfuric  acid aerosol ,  
the following experiment was conducted. Eight samples were generated 
and co l lec ted  on Fluoropore f i l t e r s .  Four contained only sulfuric  
acid and four contained su lfur ic  acid plus approximately 5 ug each 
of lead, aluminum and iron as their  oxides co l lec ted  on top of the 
aerosol  b°. All  samples were microdiffused and pyrolyzed in the 
standard way outlined by Maddalone, e t .  a l . ,  4l. Table XVIII shows 
the results  of analyses .  No microdiffusion was observed in samples 
containing metal p a r t icu la te s .  Undoubtedly, a l l  of the su lfuric  acid 
reacted with metal s a l t s  before microdiffusion occurred. Therefore,  
although microdiffusion was s e le c t iv e  for su l fur ic  acid,  quantitative  
destruct ion of  acid occurred due to the presence of react ive  co­
pollutants  and thus invalidated the r e s u l t s .  Table XIX shows the re­
su l t s  of analyses of generated samples containing the same amount of  




Direct Pyrolysis  Method 
Blank Absorbance Values















CT = . 0 0 5  CT = . 0 0 5
Relative Standard Deviat ion'= 7-6$ Relat ive Standard Deviation = 6.0
^Detection Limits = 0.3  ug S0^=
*The detection l imit  i s  defined to be the u,g of  SO^ corresponding 
to two standard deviations of  the blank.
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TABLE XVIXI
LOSS OF SULFURIC ACID AEROSOL DURING MICRODIFFUSION
Sulfuric Acid 
Collected Alone
Sulfuric Acid Collected Followed by Metal Oxide 
Collect ion  (approximately 5 M-g each Pb, A l , Fe)
Ug Sulfuric  Acid p,g Sulfuric  Acid
3.0 n i l
14-i4 n i l
3 .6 n i l
i+.ij n i l
TABLE XIX
STABILIZATION OF SULFURIC ACID AEROSOL BY PDA-Br
Sulfuric  Acid 
Collect  ion
Sulfuric Acid Collect ion Followed by Metal 
Oxide Collect ion ( IO-3O ug each of Pb, Al,  Fe)
11 .0 13-5
16.8 13.3
U  .5 13.9
l 3 o 17 . J






part of the samples had aluminum, lead, and iron as the ir  oxides in 
the lO-JO ug range co l lec ted  following su lfuric  acid aerosol 
c o l l e c t io n .  Data indicated that a l l  of  the sulfuric  acid aerosol was 
s ta b i l i z ed  by the topochemical reaction with PDA-Br and no react ion  
with copollutants  occurred. The precis ion of the method was less  
than normal. The decrease in precision was probably due to a varia­
t ion in aspiration rate of the feed so lut ion  used during generation.
It  should be noted that 200 ng of sulfur dioxide gave a pos i t ive  
interference of 0 .5  percent in terms of  su l fa te .  This can normally 
be ignored in a su lfuric  acid and to ta l  su l fa te  determination.
C. Conclusion
The s ta b i l i z a t io n  of  sulfuric  acid aerosol by PDA-Br which re­
sulted in the el imination of topochemical reactions between sulfuric  
acid aerosol and other basic species  on the f i l t e r  i s  d e f in i t e ly  the 
sa l ie n t  feature of our method. No tedious and time consuming separa­
tion step for sulfuric  acid was necessary. Samples were simply c o l ­
lected on PDA-Br impregnated f i l t e r s  placed in two open face f i l t e r  
holders. The f i l t e r s  were then pyrolyzed af ter  addition of reagent 
solut ion to one of  the f i l t e r s .  Samples were pyrolyzed for 3 minutes 
and one sample was run every J| minutes. The impregnated glass  
f iber  f i l t e r s  were approximately yO percent more e f f i c i e n t  for sulfuric  
acid aerosol than Fluoropore fiLtcrs  and were much eas ier  to work with.
i t  i s  believed that values for su lfur ic  acid aerosol concentra- 
obtained using the Impregnated f i l t e r  method approach the true values.  
This approach for determining su lfur ic  acid aerosol  is  the f i r s t  
re l ia b le  method for determining th is  pollutant in ambient atmospheres.
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Although su l fur ic  acid and s u l f a t e s ,  e sp ec ia l ly  in complex mixtures,  
are d i f f i c u l t  to measure at any time, their  sampling prior to mea­
surement is  even a greater challenge.  In gaseous atmospheres, the 
coexistence of antagonistic pollutants  has defied a l l  previous 
attempts to i s o la t e  (sample) su l furic  acid without i t s  undergoing 
change due to neutraliz ing react ions .  Consideration has been given 
to jni s i tu  measurements but to date,  a p ract ica l  approach that  
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APPENDIX I
STATISTICS
These formulas were used in ca lcu lat ing  standard deviat ion(s)  
and re la t iv e  standard deviation.
Standard Deviation(s)  = I!(x-x)2]^
Relative  Standard Deviation = 4  X 100$
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